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PREFACE TO THE ENLARGED EDITION 


Originally, in the first edition of this work, it was the author’s purpose 
to provide a self-contained treatment of Curvature and Homology. Sub- 
sequently, it became apparent that the more important applications are 
to Kaehler manifolds, particularly the Kodaira vanishing theorems, 
which appear in Chapter VI. To make this chapter comprehensible, 
Appendices F and I have been added to this new edition. In these Appen- 
dices, the Chern classes are defined and the Euler characteristic is given 
by the Gauss-Bonnet formula—the latter being applied in Appendix G. 
Several important recent developments are presented in Appendices E 
and H. In Appendix E, the differential geometric technique due to 
Bochner gives rise to an important result that was established by Siu and 
Yau in 1980. The same method is applied in Appendix H to F-structures 
over negatively curved spaces. 

S. I. GOLDBERG 
Urbana, Illinois 
February, 1998 


PREFACE 


The purpose of this book is to give a systematic and “self-contained” 
account along modern lines of the subject with which the title deals, 
as well as to discuss problems of current interest in the field. With this 
statement the author wishes to recall another book, “Curvature and 
Betti Numbers,” by K. Yano and S, Bochner; this tract is aimed at 
those already familiar with differential geometry, and has served 
admirably as a useful reference during the nine years since its appearance. 
In the present volume, a coordinate-free treatment is presented wherever 
it is considered feasible and desirable. On the other hand, the index 
notation for tensors is employed whenever it seems to be more adequate. 

The book is intended for the reader who has taken the standard courses 
in linear algebra, real and complex variables, differential equations, and 
point-set topology. Should he lack an elementary knowledge of algebraic 
topology, he may accept the results of Chapter II and proceed from 
there. In Appendix C he will find that some knowledge of Hilbert space 
methods is required. This book is also intended for the more seasoned 
mathematician, who seeks familiarity with the developments in this 
branch of differential geometry in the large. For him to feel at home 
a knowledge of the elements of Riemannian geometry, Lie groups, and 
algebraic topology is desirable. 

The exercises are intended, for the most part, to supplement and to 
clarify the material wherever necessary. This has the advantage of 
maintaining emphasis on the subject under consideration. Several might 
well have been explained in the main body of the text, but were omitted 
in order to focus attention on the main ideas. The exercises are also 
devoted to miscellaneous results on the homology properties of rather 
special spaces, in particular, 6-pinched manifolds, locally convex hyper- 
surfaces, and minimal varieties. ‘The inexperienced reader should not be 
discouraged if the exercises appear difficult. Rather, should he be 
interested, he is referred to the literature for clarification. 

References are enclosed in square brackets. Proper credit is almost 
always given except where a reference to a later article is either more 
informative or otherwise appropriate. Cross references appear as (6.8.2) 
referring to Chapter VI, Section 8, Formula 2 and also as (VI.A.3) 
referring to Chapter VI, Exercise A, Problem 3. 

The author owes thanks to several colleagues who read various parts 
of the manuscript. He is particularly indebted to Professor M. Obata, 
whose advice and diligent care has led to many improvements. Professor 
R. Bishop suggested some exercises and further additions. Gratitude is 
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also extended to Professors R. G. Bartle and A. Heller for their critical 
reading of Appendices A and C as well as to Dr. L. McCulloh and 
Mr. R. Vogt for assisting with the proofs. For the privilege of attending 
his lectures on Harmonic Integrals at Harvard University, which led 
to the inclusion of Appendix A, thanks are extended to Professor 
L. Ahlfors. Finally, the author expresses his appreciation to Harvard 
University for the opportunity of conducting a seminar on this subject. 
It is a pleasure to acknowledge the invaluable assistance received in 
the form of partial financial support from the Air Force Office of 
Scientific Research. 
S. I. GOLDBERG 
Urbana, Illinots 
February, 1962 
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NOTATION INDEX 


The symbols used have gained general acceptance with some ex- 
ceptions. In particular, R and C are the fields of real and complex 
numbers, respectively. (In § 7.1, the same letter C is employed as an 
operator and should cause no confusion.) The commonly used symbols 
e, U, O, &, sup, inf, are not listed. The exterior or Grassman algebra 
of a vector space V (over R or C) is written as A(V). By A?(V) is 
meant the vector space of its elements of degree p and /\ denotes 
multiplication in A(V). The elements of A(V) are designated by 
Greek letters. The symbol / is reserved for a topological manifold, 
Tp its tangent space at a point P e M (in case M is a differentiable 
manifold) and T} the dual space (of covectors). The space of tangent 
vector fields is denoted by T and its dual by 7*. The Lie bracket of 
tangent vectors X and Y is written as [X, Y]. Tensors are generally 
denoted by Latin letters. For example, the metric tensor of a Riemann- 
ian manifold will usually be denoted by g. The covariant form of X 
(with respect to g) is designated by the corresponding Greek symbol &. 
The notation for composition of functions (maps) employed is flexible. 
It is sometimes written as g-f and at other times the dot is not present. 
The dot is also used to denote the (local) scalar product of vectors 
(relative to g). However, no confusion should arise. 
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O(n) = O(n, R): The subgroup of GL(n, R) consisting of those 
matrices a for which '¢ = a— where a™ is the inverse of a and 
‘a denotes its transpose : ai) = (a4). 

U(n) = {ae GL(n, C)| @ = 'a}, where @ = (a’). 
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INTRODUCTION 


The most important aspect of differential geometry is perhaps that 
which deals with the relationship between the curvature properties of a 
Riemannian manifold and its topological structure. One of the beautiful 
results in this connection is the generalized Gauss-Bonnet theorem 
which for orientable surfaces has long been known. In recent years there 
has been a considerable increase in activity in global differential geometry 
thanks to the celebrated work of W. V. D. Hodge and the applications 
of it made by S. Bochner, A. Lichnerowicz, and K. Yano. In the decade 
since the appearance of Bochner’s first papers in this field many fruitful 
investigations on the subject matter of ‘‘curvature and betti numbers”’ 
have been inaugurated. The applications are, to some extent, based on a 
theorem in differential equations due to E. Hopf. The Laplace-Beltrami 
operator 4 is elliptic and when applied to a function f of class 2 defined 
on a compact Riemannian manifold M yields the Bochner lemma: “If 
Af = 0 everywhere on M, then f is a constant and 4f vanishes identi- 
cally.’’ Many diverse applications to the relationship between the curvature 
properties of a Riemannian manifold and its homology structure have 
been made as a consequence of this ‘‘observation.” Of equal importance, 
however, a ‘‘dual” set of results on groups of motions is realized. 

The existence of harmonic tensor fields over compact orientable 
Riemannian manifolds depends largely on the signature of a certain 
quadratic form. The operator 4 introduces curvature, and these properties 
of the manifold determine to some extent the global structure via 
Hodge’s theorem relating harmonic forms with betti numbers. In 
Chapter II, therefore, the theory of harmonic integrals is developed to 
the extent necessary for our purposes. A proof of the existence theorem 
of Hodge is given (modulo the fundamental differentiability lemma C.1 
of Appendix C), and the essential material and information necessary 
for the treatment and presentation of the subject of curvature and 
homology is presented. The idea of the proof of the existence theorem 
is to show that 4-!—the inverse of the closure of 4-is a completely 
continuous operator. The reader is referred to de Rham’s book ‘“‘Variétés 
Différentiables” for an excellent exposition of this result. 

The spaces studied in this book are important in various branches 
of mathematics. Locally they are those of classical Riemannian geometry, 
and from a global standpoint they are compact orientable manifolds. 
Chapter I is concerned with the local structure, that is, the geometry of 
the space over which the harmonic forms are defined. The properties 
necessary for an understanding of later chapters are those relating to the 
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differential geometry of the space, and those which are topological 
properties. The topology of a differentiable manifold is therefore dis- 
cussed in Chapter II. Since these subjects have been given essentially 
complete and detailed treatments elsewhere, and since a thorough 
discussion given here would reduce the emphasis intended, only a 
brief survey of the bare essentials is outlined. Families of Riemannian 
manifolds are described in Chapter III, each including the n-sphere and 
retaining its betti numbers. In particular, a 4-dimensional 5-pinched 
manifold is a homology sphere provided 8 > 4. More generally, the 
second betti number of a 6-pinched even-dimensional manifold is zero 
if 6 > 4. 

The theory of harmonic integrals has its origin in an attempt to 
generalize the well-known existence theorem of Riemann to every- 
where finite integrals over a Riemann surface. As it turns out in the 
generalization a 2n-dimensional Riemannian manifold plays the part of 
the Riemann surface in the classical 2-dimensional case although a 
Riemannian manifold of 2 dimensions is not the same as a Riemann 
surface. The essential difference lies in the geometry which in the latter 
case is conformal. In higher dimensions, the concept of a complex analytic 
manifold is the natural generalization of that of a Riemann surface in the 
abstract sense. In this generalization concepts such as holomorphic 
function have an invariant meaning with respect to the given complex 
structure, Algebraic varieties in a complex projective space P, have a 
natural complex structure and are therefore complex manifolds provided 
there are no “‘singularities.”” There exist, on the other hand, examples 
of complex manifolds which cannot be imbedded in a P,. A complex 
manifold is therefore more general than a projective variety. This 
approach is in keeping with the modern developments due principally 
to A. Weil. 

It is well-known that all orientable surfaces admit complex structures. 
However, for higher even-dimensional orientable manifolds this is not 
the case. It is not possible, for example, to define a complex structure 
on the 4-dimensional sphere. (In fact, it was recently shown that not 
every topological manifold possesses a differentiable structure.) For a 
given complex manifold M not much is known about the complex 
structure itself; all consequences are derived from assumptions which 
are weaker—the ‘‘almost-complex” structure, or stronger—the existence 
of a “Kaehler metric.” The former is an assumption concerning the 
tangent bundle of M and therefore suitable for fibre space methods, 
whereas the latter is an assumption on the Riemannian geometry of M, 
which can be investigated by the theory of harmonic forms. The material 
of Chapter V is partially concerned with a development of hermitian 
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geometry, in particular, Kaehler geometry along the lines proposed by 
S. Chern. Its influence on the homology structure of the manifold is 
discussed in Chapters V and VI. Whereas the homology properties 
described in Chapter III aré similar to those of the ordinary sphere 
(insofar as betti numbers are concerned), the corresponding properties 
in Chapter VI are possessed by P,, itself. Families of hermitian manifolds 
are described, each including P,, and retaining its betti numbers. One 
of the most important applications of the effect of curvature on homology 
is to be found in the vanishing theorems due to K. Kodaira. They are 
essential in the applications of sheaf theory to complex manifolds. 

A conformal transformation of a compact Riemann surface is a holo- 
morphic homeomorphism. For compact Kaehler manifolds of higher 
dimension, an element of the connected component of the identity of 
the group of conformal transformations is an isometry, and consequently 
a holomorphic homeomorphism. More generally, an infinitesimal con- 
formal map of a compact Riemannian manifold admitting a harmonic 
form of constant length is an infinitesimal isometry. ‘Thus, if a compact 
homogeneous Riemannian manifold admits an infinitesimal non-iso- 
metric conformal transformation, it is a homology sphere. Indeed, it is 
then isometric with a sphere. The conformal transformation group is 
studied in Chapter III, and in Chapter VII groups of holomorphic as 
well as conformal homeomorphisms of Kaehler manifolds are in- 
vestigated. 

In Appendix A, a proof of de Rham’s theorems based on the concept 
of a sheaf is given although this notion is not defined. Indeed, the proof 
is but an adaptation from the general theory of sheaves and a knowledge 
of the subject is not required. 


CHAPTER | 


RIEMANNIAN MANIFOLDS 


In seeking to generalize the well-known theorem of Riemann on the 
existence of holomorphic integrals over a Riemann surface, W. V. D. 
Hodge [39] considers an n-dimensional Riemannian manifold as the 
space over which a certain class of integrals is defined. Now, a Riemannian 
manifold of two dimensions is not a Riemann surface, for the geometry 
of the former is Riemannian geometry whereas that of a Riemann surface 
is conformal geometry. However, in a certain sense a 2-dimensional 
Riemannian manifold may be thought of as a Riemann surface. More- 
over, conformally homeomorphic Riemannian manifolds of two dimen- 
sions define equivalent Riemann surfaces. Conversely, a Riemann 
surface determines an infinite set of conformally homeomorphic 2-dimen- 
sional Riemannian manifolds. Since the underlying structure of a 
Riemannian manifold is a differentiable structure, we discuss in this 
chapter the concept of a differentiable manifold, and then construct 
over the manifold the integrals, tensor fields and differential forms 
which are basically the objects of study in the remainder of this book. 


1.1. Differentiable manifolds 


The differential calculus is the main tool used in the study of the 
geometrical properties of curves and surfaces in ordinary Euclidean 
space E3. The concept of a curve or surface is not a simple one, so that 
in many treatises on differential geometry a rigorous definition is lacking. 
The discussions on surfaces are further complicated since one is interested 
in those properties which remain invariant under the group of motions 
in £3, This group is itself a 6-dimensional manifold. The purpose of 
this section is to develop the fundamental concepts of differentiable 
manifolds necessary for a rigorous treatment of differential geometry. 

Given a topological space, one can decide whether a given function 
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defined over it is continuous or not. A discussion of the properties of 
the classical surfaces in differential geometry requires more than 
continuity, however, for the functions considered. By a regular closed 
surface S int E? is meant an ordered pair {S, X} consisting of a topological 
space S, and a differentiable map X of Sp into E*. As a topological space, 
So is to be a separable, Hausdorff space with the further properties: 


(i) Sg is compact (that is X(S) is closed and bounded); 


(ii) Sg is connected (a topological space is said to be connected if it 
cannot be expressed as the union of two non-empty disjoint open 
subsets) ; 


(iii) Each point of S, has an open neighborhood homeomorphic 
with £7; The map X : P > (x (P), y(P), 2(P)), PS) where x(P), y(P) 
and 2(P) are differentiable functions is to have rank 2 at each point 
PeéSb, that is the matrix 


oa) 


of partial derivatives must be of rank 2 where u, v are local parameters 
at P. Let U and V be any two open neighborhoods of P homeomorphic 
with E? and with non-empty intersection. Then, their local parameters 
or coordinates (cf. definition given below of a differentiable structure) 
must be related by differentiable functions with non-vanishing Jacobian. 
It follows that the rank of X is invariant with respect to a change of 
coordinates. 

That a certain amount of differentiability is necessary is clear from 
several points of view. In the first place, the condition on the rank of X 
implies the existence of a tangent plane at each point of the surface. 
Moreover, only those local parameters are “allowed”? which are related 
by differentiable functions. 

A regular closed surface is but a special case of a more general concept 
which we proceed to define. 

Roughly speaking, a differentiable manifold is a topological space in 
which the concept of derivative has a meaning. Locally, the space is to 
behave like Euclidean space. But first, a topological space M is said to be 
separable if it contains a countable basis for its topology. It is called a 
Hausdorff space if to any two points of M there are disjoint open sets each 
containing éxactly one of the points. 

A separable Hausdorff space M of dimension z is said to have a 
differentiable structure of class k > O if it has the following properties: 


(i) Each point of M has an open neighborhood homeomorphic with 
an open subset in R” the (number) space of real variables, that is, 
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there is a finite or countable open covering {U,} and, for each « a homeo- 
morphism u, : U, > R” of U, onto an open subset in R”; 

(ii) For any two open sets U, and U, with non-empty intersection 
the map u,w,':u,(U, 0 Us) — R® is of class k (that is, it possesses 
continuous derivatives of order k) with non-vanishing Jacobian. 

The functions defining u, are called local coordinates in U,. Clearly, 
one may also speak of structures of class oo (that is, structures of class k 
for every positive integer &) and analytic structures (that is, every map 
ug,’ is expressible as a convergent power series in the n variables). The 
local coordinates constitute an essential tool in the study of MM. However, 
the geometrical properties should be independent of the choice of local 
coordinates, 

The space M with the property (i) will be called a topological mani- 
fold. We shall generally assume that the spaces considered are connected 
although many of the results are independent of this hypothesis. 


Examples: |. The Euclidean space E” is perhaps the simplest example 
of a topological manifold with a differentiable structure. The identity 
map J in E” together with the unit covering (R", J) is its natural differen- 
tiable structure: (Uj, uw) = (R*, J). 


2. The (nm — 1)-dimensional sphere in E” defined by the equation 


S (x) = 1: (1.1.1) 


i=1 


It can be covered by 2” coordinate neighborhoods defined by x? > 0 
and 2°: < 0 (t= 1, «.,#). 
3. The general linear group: Let V be a vector space over R (the real 
numbers) of dimension n and let {e;, ..., ¢,} be a basis of V. The group 
of all linear automorphisms a of V may be expressed as the group of all 
non-singular matrices (a); 


ae; = a’ e,, ef SH Aycyt (1.1.2) 


called the general linear group and denoted by GL(n, R). We shall also 
denote it by GL(V) when dealing with more than one vector space. 
(The Einstein summation convention where repeated indices implies 
addition has been employed in formula (1.1.2) and, in the sequel we 
shall adhere to this notation.) The multiplication law is 


(ab); = aj, 0). 


GL(n, R) may be considered as an open set [and hence as an open 
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submanifold (cf. §1.5)] of EZ”. With this structure (as an analytic 
manifold), GL(n, R) is a Lie group (cf. §3.6). 

Let f be a real-valued continuous function defined in an open subset 
S of M. Let P be a point of S and U, a coordinate neighborhood 
containing P. Then, in Sn U,, f can be expressed as a function of the 
local coordinates uw}, ..., v® in U,. (If x1, ..., «” are the 7 coordinate func- 
tions on R*, then u(P) = x*(u,(P)), 7 = 1,..., and we may write 
ué = x*~u,). The function / is said to be differentiable at P if f(u}, ..., u”) 
possesses all first partial derivatives at P. The partial derivative of f 
with respect to wu’ at P is defined as 

(4) _ (Af) 
ut] p Oxt Ty Py 

This property is evidently independent of the choice of U,. The function f 
is called differentiable in S, if it is differentiable at every point of S. 
Moreover, f is of the form g-u, if the domain is restricted to Sq U, 
where g is a continuous function in «,(S - U,) C R*. Two differentiable 
structures are said to be equivalent if they give rise to the same family 
of differentiable functions over open subsets of M. This is an equivalence 
relation. The family of functions of class k determines the differentiable 
structures in the equivalence class. 

A topological manifold M together with an equivalence class of 
differentiable structures on M is called a differentiable manifold. It has 
recently been shown that not every topological manifold can be given 
a differentiable structure [44]. On the other hand, a topological manifold 
may carry differentiable structures belonging to distinct equivalence 
classes. Indeed, the 7-dimensional sphere possesses several inequivalent 
differentiable structures [60]. 

A differentiable mapping f of an open subset S of R® into R® is called 
sense-preserving if the Jacobian of the map is positive in S. If, for any 
pair of coordinate neighborhoods with non-empty intersection, the 
mapping u,w,1 is sense-preserving, the differentiable structure is said to 
be oriented and, in this case, the differentiable manifold is called orientable. 
Thus, tf fs.(x) denotes the Jacobian of the map uguz) at x*(u,(P)), 
i= 1,14”, then fra(x) foal®) = fol)» P€ Uz 0 Ua 9 

The 2 -sphere in £? is an orientable manifold whereas the real 
projective plane (the set of lines through the origin in £%) is not 
(ef. 1B. 2). 

Let M be a differentiable manifold of class k and S an open subset of 
M. By restricting the functions (of class k) on M to S, the differentiable 
structure so obtained on S is called an induced structure of class k. 
In particular, on every open subset of E1 there is an induced structure 
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1.2. Tensors 


To every point P of a regular surface S there is associated the tangent 
plane at P consistihg of the tangent vectors to the curves on S through P. 
A tangent vector ¢ may be expressed as a linear combination of the 
tangent vectors X,, and X, “defining” the tangent plane: 


t= OX, + 2X, a € R, t= 1, 2; (1.2.1) 


At this point, we make a slight change in our notation: We put u! = u, 
u2 =v, X, = X, and X, = X,, so that (1.2.1) becomes 


PX, (1.2.2) 


Now, in the coordinates a, a? where the a are related to the u/ by means 
of differentiable functions with non-vanishing Jacobian 


va 
pee eR, (1.2.3) 


where X = X(u! (a, @), u2 (a, 2). If we put 


=, om ,. 
te (1.2.4) 
equation (1.2.3) becomes 
p= BX, (1.2.5) 


tn classical differential geometry the vector ¢ is called a contravariant 
vector, the equations of transformation (1.2.4) determining its character. 

Guided by this example we proceed to define the notion of contravariant 
vector for a differentiable manifold M of dimension n. Consider the 
triple (P, U,, €*) consisting of a point P € M, a coordinate neighborhood 
U, containing P and a set of real numbers €*. An equivalence relation 
is defined if we agree that the triples (P, U,, €) and (P, U,, 2) are 
equivalent if P = P and 


gi, (1.2.6) 


(Sl, 


where the w’ are the coordinates of u,(P) and # those of u,(P), Pe U0 Us. 
An equivalence class of such triples is called a contravariant vector at P. 
When there is no danger of confusion we simply speak of the 
contravariant vector by choosing a particular set of representatives £ 
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(¢ = 1, ..., 2). That the contravariant vectors form a linear space over R 
is clear. In analogy with surface theory this linear space is called the 
tangent space at P and will be denoted by T>. (For a rather sophisticated 
definition of tangent vector the reader is referred to §3.4.) 

Let f be a differentiable function defined in a neighborhood of 
Pev. an Uy Then, 


a( fue’)  ( hua’) ow! 
( oxt i ( ae Vs ( out cae Meee) 
Now, applying (1.2.6) we obtain 
Of fuls") i ( Olfup') ; 
(“Ss Is gait = im ee (1.2.8) 


B 


The equivalence class of “functions’’ of which the left hand member 
of (1.2.8) is a representative is commonly called the directional derivative 
of f along the contravariant vector &. In particular, if the components 
é(i = 1, ..., m) all vanish except the A which is 1, the directional 
derivative is the partial derivative with respect to u* and the corres- 
ponding contravariant vector is denoted by @/éu*. Evidently, these vectors 
for all k = 1, ..., 2 form a base of Tp called the natural base. On the 
other hand, the partial derivatives of f in (1.2.8) are representatives of 
a vector (which we denote by df) in the dual space T# of Tp. The 
elements of T} are called covariant vectors or, simply, covectors. In the 
sequel, when we speak of a covariant vector at P, we will occasionally 
employ a set of representatives. Hence, if 7; is a covariant vector and 
a contravariant vector the expression 7,' is a scalar invariant or, simply 
scalar, that is 


Hie = n€', (1.2.9) 
and so, 

7 oul 

= Say (1.2.10) 


are the equations of transformation defining a covariant vector. We 
define the inner product of a contravariant vector v = € and a covariant 
vector w* = yn, by the formula 


<u, w*> = nf. (1.2.11) 
That the inner product is bilinear is clear. Now, from (1.2.10) we obtain 
7H, dia’ = n, dut i212) 


where the du* (¢ = 1, ..., 2) are the differentials of the functions u’, ..., 4”. 
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The invariant expression 7,du* is called a linear (differential) form or 
|-form. Conversely, when a linear (differential) form is given, its coeffi- 
cients define an element of 73. If we agree to identify 7% with the space 
of |-forms at P, the du’ at P form a base of Tf dual tothe base @/dut 
(¢ = 1,..., m) of tangent vectors at P: 


a a ae 
(ser du) ee a ee ee (1.2.13) 


where 8! is the ‘Kronecker delta’, that is, 82 = lif? = jand 8! = 0 if 74). 

We proceed to generalize the notions of contravariant and covariant 
vectors at a point P € M. To this end we proceed in analogy with the 
definitions of contravariant and covariant vector. Consider the triples 
(P, Obs g hand h, Ukr 7), They are said to be equivalent 
if P = P and lf the n™*+s constants ae 4,, are related to the 7s 
constants £1" ; wg, by the formulae 


Bit Cut} Outtr Cu outs \ 
Tyedy = (=) a (7) (Gar) rn (Ga) CPi seu 
jyed, Buk ai Oukr oeib) Bal uy (PI Oils ugtP) vail 


(1.2.14) 


indy 


An equivalence class of triples (P, U,, &""", .j,) 18 called a tensor of type 
(r, s) over Tp contravartant of order r and aaenea of order s, A tensor 
of type (7, 0) is called a contravariant tensor and one of type (0,5) a 
covartant tensor. Clearly, the tensors of type (7, s) form a linear space— 
the tensor space of tensors of type (7, s). By convention a scalar is a tensor 
of type (0, 0). 

If the components &*r . j,i, Of a tensor are all zero in one local coor- 
dinate system they are zero in any other local coordinate system. This 
tensor is then called a zero tensor. Again, if cht, j,..j, 8 Symmetric or skew- 
symmetric in 4, i, (or in Jy, jy), 2 vf; ;, has the same property. These 
properties are therefore characteristic ae tensors. The tensor £4" (or 
£,...i,) 18 said to be symmetric (skew-symmetric) if it is symmetric (skew- 
symmetric) in every pair of indices. 

The product of two tensors (P, U,, &"r; _;,) and (P, U,, 7°” me aa 
one of type (r,s) the other of type (7’, s’) is ie tensor (P, U,, g""", 
.) of type (ry + 7’, s + s’). In fact, 


reds 
Pepys tebe i 
fl JstieJete 


Beistes 4: Firsiete see = 


Jathrrdets: 


i + Bul gird yplsva’ 
Bia x ( ae ) (a2) . (—) Che RT: oe 
E 7h +l cians e nes } 
Cul . ows uglP) uke ugtP) Oise? ativetlate 
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It is also possible to form new tensors from a given tensor. In fact, 
let (P, U,, vr; ;) be a tensor of type (7, s). The triple (P, U,, 
Ebvtye Me Pej) where the indices z, and Jq are equal (recall that repeated 
indices indicate summation from i to n) is a tupresentative of a tensor 


of type (r — I, s — 1). For, 
Ee oy dian = (ae). re (2) : 
a a 

( oa AE ( ae ) 3 ( a ) . aan a ret rae renee 


(SE) (BE) (EE) tentnaty, 


7} j pelictkeleaycn 
(P) OGtq-1 atP Cuiat1 (P) Cu ualP) terete i kplgticeels 
since 
7h 1 
Our Cu's _ Sle : 
Cuts Otte kp 


This operation is known as contraction and the tensor so obtained is 
called the contracted tensor. 

These operations may obviously be combined to yield other tensors. 
A particularly important case occurs when the tensor &,, is a symmetric 
covariant tensor of order 2. If 4’ is a contravariant vector, the quadratic 
form &,; n* 7 is a scalar. The property that this quadratic form be 
positive definite is a property of the tensor €,, and, in this case, we call 
the tensor posttive definite. 

Our definition of a tensor of type (r,s) is rather artificial and is 
actually the one given in classical differential geometry. An intrinsic 
definition is given in the next section. But first, let V be a vector 
space of dimension m over-R and let V* be the dual space of V. A 
tensor of type (r,s) over V, contravariant of order 7 and covariant 
of order s, is defined to be a multilinear map of the direct product 
Vx..xVxV*x..xV* (V:s times, V*:r times) into R. All tensors of 
type (7, s) form a linear space over R with respect to the usual addition 
and scalar multiplication for multilinear maps. This space will be 
denoted by 7%. In particular, tensors of type (1,0) may be identified with 
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elements of V and those of type (0,1) with elements of V* by taking 
into account the duality between V and V*. Hence Tj ~ V and T? = V*. 

The tensor space JT} may be considered as the vector space of all 
multilinear maps of VX...x V (r times) into V. In fact, given f € T}, 
a multilinear map t:Vx...x V—V is uniquely determined by the 
relation 


C1(Vy, 1, Up) UD =S(Vz, «Vp, UX) ER (1.2.15) 


for all v,,...,v, ¢ V and v* e V*, where, as before, < , > denotes the 
value which v* takes on (7, ..., v,). Clearly, this establishes a canonical- 
isomorphism of T} with the linear space of all multilinear maps of 
Vx...xV into V. In particular, T] may be identified with the space 
of all linear endomorphisms of V. 

Let {e;} and {e**} be dual bases in V and V%, respectively: 


Cen e**) = 8. (1.2.16) 


These cin give rise to a base in Tf whose elements we write as 
TT ig =e ©... OG, @et ©... ©er**s (cf. I. A for a defini- 
tion of the tensor product), A tensor t ¢ Tj may then be represented in 


the form 
i Pi Gi. ghia; (1.2.17) 


that is, as a linear combination of the basis elements of 77. The coefficients 
fi--tr) ,, then define ¢ in relation to the bases {e,} and {e**}. 


1.3. Tensor bundles 


In differential geometry one is not interested in tensors but rather 
in tensor fields which we now proceed to define. The definition given 
is but one consequence of a general theory (cf. I. J) having other 
applications to differential geometry which will be considered in § 1.4 
and §1.7. Let T{(P) denote the tensor space of tensors of type (7, $) 
over Tp and put 


Fy= UTP). 


We wish to show that 7% actually defines a differentiable manifold and 
that a ‘tensor field’ of type (7, s) is a certain map from M into 7%, that 
is a rule which assigns to every P ¢ M a tensor of type (r,s) on the 
tangent space T'p. Let 7 be a vector space of dimension m over R and 77 
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the corresponding space of tensors of type (r, s). If we fix a base in P, 
a base of 77 is determined. Let U be a coordinate neighborhood and u 
the corresponding homeomorphism from U to E®. The local coordinates 
of a point Pe U will be denoted by (u(P)); they determine a base 
{du‘(P)} in Tj and a dual base {e,(P)} in Tp. These bases give rise to a 
well-defined base in 77(P). Consider the map 


gui:UxTr+7t 


where ¢,(P, t), Pe U, t ¢ Tf belongs to T?7(P) and has the same com- 
ponents 4‘, 5 relative to the (natural) base of T{(P) as ¢ has in Te 


That gy is 1-1 1s clear. Now, let V be a second coordinate neighborhood 


such that U ~ V #[] (the empty set), and consider the map 
gu,p: Ti THP) 
defined by 
pu.p(t) =gulP,t), teTy. (1.3.1) 
Then, 
guv(P) = Pu.P- PvP (1.3.2) 
is a 1-1 map of 7% onto itself. Let (v‘(P)) denote the local coordinates of P 


in V. They determine a base {dv‘(P)} in T# and a dual base {f,(P)} 
in Tp. If we set 


t= gyy(P)t, (1.3.3) 
it follows that 
gulP,t) = py(P,t). (1.3.4) 
Since 
pul Pt) = Siete: 9) fg (P) (1.3.5) 
and 
er(Pt) = Steg fa atte (P) (1.3.6) 


where {@,.24(P)} and {fj,...4%'%4P)} are the induced bases in 
Ti(P), , 


2 aut 
Biy.., w=, [OH 
Rake 


éu*1 


dus 
see = Ebieky . 1.3.7 
a ous hs wee 
These are the equations defining gyy(P). Hence gy;,(P) is a linear 
automorphism of 7%. If we give to 7% the topology and differentiable 
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structure derived from the Euclidean space of the components of its 
elements it becomes a differentiable manifold. Now, a topology is 
defined in 7% by the requirement that for each U, py maps open sets 
of U x 17% into open sets of 77%. In this way, it can be shown that 77 
is a separable Hausdorff space. In fact, 7% is a differentiable manifold 
of class k — | as one sees from the equations (1.3.7). 

The map gyy:U 1 V + GL(T) is continuous since M is of class 
k = |. Let P bea point inthe overlap of the three coordinate neighbor- 
hoods, U,V,W: U NV AW+#Q. Then, 


fuv(P)evw(P) = guw(P) (1.3.8) 
and since 


gvu(P) = guv(P), (1.3.9) 


these maps form a topological subgroup of GL(T%). The family of 
maps gyy for U nV #4 {( where U,V... is a covering of M is called 
the set of transition functions corresponding to the given covering. 
Now, let 
7: T*—+M 


be the projection map defined by m(73(P)) = P. For 1<k, a map 
f:M — 77 of class / satisfying 7+ f = identity is called a tensor field of 
type (7, s) and class /. In particular, a tensor field of type (1,0) is called 
a vector field or an infinitesimal transformation. The manifold 7; is called 
the tensor bundle over the base space M with structural group GL (n+, R) 
and fibre T7. In the general theory of fibre bundles, the map f is called 
a cross-section. Hence, a tensor field of type (r,s) and class ] <k is a 
cross-section of class / in the tensor bundle 7% over M. 

The bundle 73 is usually called the tangent bundle. 

Since a tensor field is an assignment of a tensor over Tp for each 
point Pe M, the components: éf/éu* (i = 1, ..., m) in (1.2.8) define a 
covariant vector field (that is, there is a local cross-section) called 
the gradient of f. We may ask whether differentiation of vector fields 
gives rise to tensor fields, that is given a covariant vector field &,, for 
example (the ¢, are the components of a tensor field of type (0,1)), do 
the n? functions &,/@u) define a tensor field (of type (0,2)) over U? We 
see from (1.2.12) that the presence of the term (67ui/éu* ou*)é, in 


- _ 28; Gu! out Put 
"ik = Bae ~ Gat Oak 1 Bak Oat 


é, (1.3.10) 


yields a negative reply. However, because of the symmetry of i and k 
in the second term on the right the components 4,, — 4; define a skew- 
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symmetric tensor field called the curl of the vector &;. If the &, define 
a gradient vector field, that is, if there exists a real-valued function f 
defined on an open subset of M such that €; = (@f/du*), the curl must 
vanish. Conversely, if the curl of a (covariant) vector field vanishes, the 
vector field is necessarily a (local) gradient field. 


1.4. Differential forms 


Let M be a differentiable manifold of dimension nm. Associated to each 
point P « M, there is the dual space T# of the tangent space Tp at P. 
We have seen that 7} can be identified with the space of linear differential 
forms at P. Hence, to a 1-dimensional subspace of the tangent space 
there corresponds a linear differential form. We proceed to show that 
to a p-dimensional subspace of Tp corresponds a skew-symmetric 
covariant tensor of type (0, p), in fact, a ‘differential form of degree p’. 
To this end, we construct an algebra over T# called the Grassman or 
exterior algebra: 

An associative algebra A (V) (with addition denoted by + and 
multiplication by /) over R containing the vector space V over R 
is called a Grassman or exterior algebra if 


(i) A (V) contains the unit element | of R, 

(ii) A (V) is generated by 1 and the elements of V, 

(iii) Ife V,x Ax =0, 

(iv) The dimension of /A (V) (as a vector space) is 2", m = dim V. 


Property (ii) means that any element of A (V) can be written as a 
linear combination of | ¢ R and of products of elements of V, that is 
A (¥V) is generated from V and | by the three operations of the algebra. 
Property (iii) implies that x A y= — y A x for any two elements 
x, y € V. Select any basis {e,,...,e,} of V. Then, A (V) contains all 
products of the e,; (¢ = 1,..., 2). By using the rules 


e, Ae, =9, ee Ne = — 6; A ey, ijp=H lw, (1.4.1) 
we can arrange any product of the e, so that it is of the form 


ey Nw Ae, ty Sve 


or else, zero. The latter case arises when the original product contains 
a repeated factor. It follows that we can compute any product of two 
or more vectors a,é, + ... + a@,e, of V as a linear combination of the 
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decomposable p-vectors e, \... Ae. Since, by assumption, A (V) 
is spanned by | and such ‘products: it follows that A (V) is spanned by 
the elements ei, Nw A e;, where (i, ...,%,) is a subset of the set 
(1, .... 2) arranged in snereasing order. But there are exactly 2” subsets 
of (les .,”), while by assumption dim /A (V) = 2%. These elements 
must therefore be linearly independent. Hence, any element of A (V) 
can be uniquely represented as a linear combination 


n 


Aun Ae, eR, (1.4.2) 


ee ee a tte Chad 
where now and in the sequel (2, ...2,) implies 71) <<... <4,. An element 
of the first sum is called homogeneous of degree p. 

It may be shown that any two Grassman algebras over the same 
vector space are isomorphic. For a realization of / (V) in terms of the 
‘tensor algebra’ over V the reader is referred to (I.C.2). 

The elements x, ..., x, in V are linearly independent, if and only if, 
their product x, A ... A x, in A (V) is not zero. The proof is an easy 
exercise in linear algebra. In particular, for the basis elements ey, ..., en 
of V, e, A... Ae, #0. However, any product of » + 1 elements of 
V must vanish. 

All the elements 


6, Aw A ey bi <A 


for a fixed p span a linear subspace of A (V) which we denote by 
A?(V). This subspace is evidently independent of the choice of base. 
An element of A?(V) is called an exterior p-vector or, simply a p-vector. 
Clearly, AY V) = V. We define AV) = R. As a vector space, A (V) 
is then the direct sum of the subspaces A?)(V),O Sp Sa. 

Let W be the subspace of V spanned by y,,...,¥, ¢ V. This gives 
rise to a p-vector 7 = jy; A... A yp, which is unique up to a constant 
factor as one sees from the theory of linear equations. Moreover, any 
vector y ¢ W has the property that y A 7 vanishes. The subspace W 
also determines its orthogonal complement (relative to an inner product) 
in V, and this subspace in turn defines a ‘unique’ (n — p)-vector. Note 
that for each p, the spaces \?(V) and A”~-?(V) have the same dimensions. 
Any p-vector € and any ( — p)-vector y determine an n-vector € A 7 
which in terms of the basis e = e, A ... A €, of A™(V) may be expressed 
as 

EAn=(Eme (1.4.3) 


where (€,7) eR. It can be shown that this ‘pairing’ defines an iso- 
morphism of A?(V) with (A”-?(V))* (cf. 1.5.1 and II.A). 
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Let V* denote the dual space of V and consider the Grassman 
algebra \ (V*) over V*. It can be shown that the spaces AP(V*) are 
canonically isomorphic with the spaces (A?(V))* dual to A?(V). The 
linear space A?(V*) is called the space of exterior p-forms over V; 
its elements are called p-forms. The isomorphism between A?(V*) and 
/A*-?(V*) will be considered in Chapter IJ, §2.7 as well as in IIA. 

We return to the vector space 7% of covariant vectors at a point P 
of the differentiable manifold M of class k and let U be a coordinate 
neighborhood containing P with the local coordinates wu}, ..., u% and 
natural base du!,..., du" for the space Tf. An element a(P) « A?(T3) 
then has the following representation in U: 


o(P) = a i,...4) (P) du(P) A... A dué(P). (1.4.4) 


If to each point Pe U we assign an element a(P) € A?( Tp) in such a way 
that the coefficients a; ...;, are of class / 2 1(/ < ) thena is said to bea 
differential form of degree p and class |. More precisely, an exterior 
differential polynomial of class 1 < k — | is a cross-section « of class | 
of the bundle 


A*(M) = \(T*) = oe A (TP), 


that is, if m is the projection map: 
a: A\*(M)>M 


defined by z(A(7$)) = P, then «: M— A*(M) must satisfy ma(P) = 
for all Pe M (cf. §1.3 and IJ). If, for every Pe M, a(P) as 
for some (fixed) p, the exterior polynomial is called an exterior differential 
form of degree p, or simply a p-form. In this case, we shall simply write 
a € (\?(T*). (When reference to a given point is unnecessary we shall 
usually write T and T* for Tp and T} respectively). 

Let M bea differentiable manifold of class k 2 2. Then, there is a map 


d: A (T*)— A (T*) 
sending exterior polynomials of class / into exterior polynomials of class 
1 — 1 with the properties: . 


(i) For p =O (differentiable functions f), df is a covector (the 
differential of /), 


(ii) d is a linear map such that d(A?(T*)) C A?+(T*), 
(iii) For ae A?(T*), Be AXT*), 


d(a /\ B) = da \ B+ (— 1)? a A dp, 
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(iv) d(df) = 0. 


To see this, we need only define 


da => dacs. ..4,) dui Nw A du's 
1.4.5 
Odi, 45) ( ) 
= st A du A... A duts 
ou 
where 
w= ay, iy du A. A duts, 


In fact, the operator d is uniquely determined by these properties: 
Let d* be another operator with the properties (i)-(iv). Since it is linear, 
we need only consider its effect upon PB = fdu A... A du», By 
property (iii), d*B = d*f A dus A ... A duts + fd*(dub A... A du’), 
Applying (iii) inductively, then (i) followed by (iv) we obtain the desired 
conclusion. 

It follows easily from property (iv) and (1.4.5) that d(d«) = 0 for 
any exterior polynomial a of class = 2. 

The operator d is a local operator, that is if « and f are forms which 
coincide on an open subset S of M, then da = dB on S. 

The elements /\?(7*) of the kernel of d: A?(T*) > A?+1(T*) are 
called closed p-forms and the images A?(T*) of A?—(7T*) under d are 
called exact p-forms. They are clearly linear spaces (over R). The 
quotient space of the closed forms of degree p by the subspace of exact 
p-forms will be denoted by D?(M) and called the p-dimensional coho- 
mology group of M obtained using differential forms. Since the exterior 
product defines a multiplication of elements. (cohomology classes) in 
De(M) and DM) with values in DP+%(M) for all p and gq, the direct sum 


D(M) = > D*(M) (1.4.6) 


becomes a ring (over R) called the cohomology ring of M obtained using 
differential forms. In fact, from property (ili) we may write 


closed form / closed form = closed form, 
closed form A exact form = exact form, (1.4.7) 
exact form / closed form = exact form. 


Examples: Let M be a 3-dimensional manifold and consider the 
coordinate neighborhood with the local coordinates x, y, z. The linear 
differential form 


a=pdxt+qdytrdsz (1.4.8) 
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where p,q, and r are functions of class 2 (at least) of x, y, and z has for 
its differential the 2-form 


2da = (92 py) dx /\ dy =F (r, — q:) dy A dz+ (Pp: — Tx) dz / dx. 
Moreover, the 2-form 


B=pdy \dz+qdz\ dx +rdx (A dy (1.4.9) 


has the differential 
a8 = (po + Gy + 17,) dx A dy A dz. 


In more familiar language, dw is the curl of « and df its divergence. 
That ddx = 0 is expressed by the identity 


div curl a = 0. 


We now show that the coefficients a; i, Of a differential form a 
can be considered as the components of a skew- ee tensor field 
of type (0, p). Indeed, the a, ; are defined for 1, <... <<a. They 
may be defined for all values of the indices by taking account of the 
anti-commutativity of the covectors du‘, that is we may write 

I 


a=-7 a 


Be ie Kh ae 


That the a, _, are the components of a tensor field is easy to show. 
In the sequel, we will absorb the factor 1/p! in the expression of a 
p-form except when its presence is important. 

In order to express the exterior product of two forms and the 
differential of a form (cf. (1.4.5)) in a canonical fashion the Kronecker 
symbol 
Sa 8a 


ig = 
Sieg 


Bi? + 82 


ty 
will be useful. The important properties of this symbol are: 
(i) Sa? is skew-symmetric in the z, and j;, 
(ii) SB) = 82 Biz 
This condition is equivalent to 
q 


(ii)’ For every system of (;) numbers ay..;), 


_ gaye 
Qiy..iy) = On 451. 4y) 
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and (ii)’ is ee to 
(ii)” yy seg = Hy BE Gi, 


ty. tp si 
where a is a p-vector. 
The condition (ii)’’ shows that the Kronecker symbol is actually a 


tensor of type (pf, p). 


Now, let 
w= AG, 4) UU A. A du’s 
and 
B = Biss ig) du't N\ on AN duta, 
Then, 
aNB =, 15.¢du Aw A dutere (1.4.10) 
where teste 
(P+ OD Cer siggy = BH Te ays ty Oh ycsky 
and é 
Git. .ig 
(p +1)! do = Six! ae rae dubs A... A duos, (1.4.11) 


From (1.4.10) we deduce 
a NB =(—1)P"*B Aa, (1.4.12) 


1.5. Submanifolds 


The set of differentiable functions F (of class k) in a differentiable 
manifold M (of class k) forms an algebra over R with the usual rules 
of addition, multiplication and scalar multiplication by elements of R. 
Given two differentiable manifolds M and M’, a map ¢ of M into M’ 
is called differentiable, if f’- $ is a differentiable function in M for 
every such function f’ in M’. This may be expressed in terms of local 
coordinates in the following manner: Let uw, ..., u” be local coordinates 
at Pe M and v',...,v™ local coordinates at ¢(P) ¢ M’. Then ¢ isa 
differentiable map, if and only if, the v‘(A(ul, ..., u")) = v*(u}, ..., u”) are 
differentiable functions of y!,...,u". The map ¢ induces a (linear) 
differentiable map ¢, of the tangent space Tp at P e M into the tangent 
space Typ) at P’ = ¢(P) « M’. Let X € Tp and consider a differentiable 
function f’ in the algebra F’ of differentiable functions in M’. The 
directional derivative of f’- 4 along X is given by 


av! af’ 
Bui dvi’ 


ed t=1,.,2; jol,.i,m 
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where the ¢' are the (contravariant) components of X in the local 
coordinates w!, ..., uv”. This, in turn is equal to the directional derivative 
of f’ along the contravariant vector 


: aos a 
=O Fal bet 


at $(P). By mapping X in Tp into X’ in Tp., we get a linear map of 
Tp into Typ). This is the induced map ¢,. The map ¢ is said to be regular 
(at P) if the induced map 4, is 1-1. 

A subset M’ of M is called a submanifold of M if it is itself a differenti- 
able manifold, and if the injection ¢’ of M’ into M is a regular 
differentiable map. When necessary we shall denote M’ by (¢’, M’). 
Obviously, we have dim M’ < dim M. The topology of M’ need not 
coincide with that induced by M on M’. If M’ is an open subset of M, 
then it possesses a naturally induced differentiable structure. In this case, 
M' is called an open submanifold of M. 

Recalling the definition of regular surface we see that the above 
univalence condition is equivalent to the condition that the Jacobian 
of ¢ is of rank n. 

By a closed submanifold of dimension 7 is meant a submanifold M’ with 
the properties: (i) ¢’(M’) is closed in M and (ii) every point Pe ¢’(M’) 
belongs to a coordinate neighborhood U with the local coordinates 
u,...,u" such that the set ¢’(M’) 1 U is defined by the equations 
ufti =), ...,u% = 0. The definition of a regular closed surface given 
in §1.1 may be included in the definition of closed sulmanifold. 

We shall require the following notion: A parametrized curve in M 
is a differentiable map of class k of a connected open interval of R into M. 

The differentiable map ¢: M — M’ induces a map ¢* called the dual 
of ¢, defined as follows: 


Chet arte 
and 
<u, p*(w*)> = <b (v),0*), veTp,wte Thi): 
The map ¢* may be extended to a map which we again denote by ¢* 
b*: A (Thy) A(TE) 
as follows: Consider the pairing <v, A... A Up, Wt A... A w,*> defined by 


Awe AU, WS Ao. A why = pldet (<v,, wh>) (1.5.1) 
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and put 
(0) Awe Avs, O*(wT A. A wk)> = det (Ce,, $*(wF)>). 


Clearly, $* is a ring homomorphism. Moreover, 
$*(da) = d(p*a), 


that is, the exterior differential operator d commutes with the induced 
dual map of a differentiable map from one differentiable manifold into 
another. 


1.6. Integration of differential forms 


It is our intention in this section to sketch a proof of the formula of 
Stokes not merely because of its fundamental importance in the theory 
of harmonic integrals but because of the applications we make of it 
in later chapters. However, a satisfactory integration theory of differential 
forms over a differentiable manifold must first be developed. 

The classical definition of a p-fold integral 


Sip f du)... du? 


of a continuous function f = f(u',...,u?) of p variables defined over 
a domain D of the space of the variables u!, ..., u? as given, for example, 
by Goursat does not take explicit account of the orientation of D. The 
definition of an orientable differentiable manifold M given in §1.1 
together with the isomorphism which exists between A?(T$) and 
A®-?(TS) at each point P of M (cf. §2.7) results in the following 
equivalent definition: 

A differentiable manifold M of dimension 2 is said to be orientable 
if there exists over M a continuous differential form of degree n which 
is nowhere zero (cf. I.B). 

Let « and 8 define orientations of M. These orientations are the same 
if 8 = fx where the function f is always positive. An orientable manifold 
therefore has exactly two orientations. The manifold is called oriented 
if such a form « ¥ 0 is given. The form a induces an orientation in the 
tangent space at each point P e« M. Any other form of degree ” can then 
be written as f(P)a and is be-said to be > 0, <0 or = 0 at P provided 
that f(P) > 0, <0 or = 0. This depends only on the orientation of M 
and not on the choice of the differential form defining the orientation. 

The carrier, carr (x) of a differential form « is the closure of the set 
of points outside of which a is equal to zero. The following theorem 


due to J. Dieudonné is of crucial importance. (Its proof is given in Appen- 
dix D.) 
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To a locally finite open covering {U;} of a differentiable manifold of 
class k = | there is associated a set of functions {g,} with the properties 


(i) Each g, is of class k and satisfies the inequalities 


everywhere. Moreover, its carrier is compact and is contained in one 
of the open sets U,, 


(ii) Yes =1, 


(iii) Every point of M has a neighborhood met by only a finite number 
of the carriers of g,. 

The g, are said to form a partition of unity subordinated to {U;} that is, 
a partition of the function | into non-negative functions with small 
carriers. Property (ili) states that the partition of unity is locally finite, 
that is, each point Pe M has a neighborhood met by only a finite number 
of the carriers of g;. If M is compact, there can be a finite number of g,; 
in any case, the g, form a countable set. With these preparations we can 
now prove the following theorem: 

Let M be an oriented differentiable manifold of dimension n. Then, 
there is a unique functional which associates to a continuous differential 
form a of degree m with compact carrier a real number denoted by fy 
and called the integral of «. This functional has the properties: 


(i) Jug (& + BY = Suge + SB 


(ii) If the carrier of w is contained in a coordinate neighborhood U 
with the local coordinates wu}, ..., u™ such that du! A... A du” > 0 (in U) 
and a = a, du) A ... A du” where a,_,, is a function of uw}, ..., u”, then 


i = Fran wa du? (1.6.1) 


where the n-fold integral on the right is a Riemann integral. 
Since carr («) c U we can extend the definition of the function a,_,, to 
the whole of E”, so that (1.6.1) becomes the the n-fold integral 


[a= (: eh x a, , dul... dur. (1.6.2) 


In order to define the integral of an n-form a with compact carrier S 
we take a locally finite open covering {U,} of M by coordinate neighbor- 
hoods and a partition of unity {g,} subordinated to {U;}. Since every 
point Pe S has a neighborhood met by only a finite number of the 
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carriers of the g,, these neighborhoods for all P « S form a covering of S. 
Since S' is compact, it has a finite sub-covering, and so there is at most 
a finite number of g, different from zero. Since fg,« is defined, we put 


| en > I Bo. (1.6.3) 


That the integral of « over M so defined is independent of the choice 
of the neighborhood containing the carrier of g, as well as the covering 
{U,} and its corresponding partition of unity is not difficult to show. 
Moreover, it is convergent and satisfies the properties (i) and (ii). 
The uniqueness is obvious. 

Suppose now that M is a compact orientable manifold and let B be 
an (z — 1)-form defined over M. Then, 


| 4B =0. (1.6.4) 
M 


To prove this, we take a partition of unity {g,} and replace B by 22,8. 
This result is also immediate from the theorem of Stokes which we 
now proceed to establish. 

Stokes’ theorem expresses a relation between an integral over a 
domain and one over its boundary. Its applications in mathematical 
physics are many but by no means outstrip its usefulness in the theory 
of harmonic integrals. 

Let M be a differentiable manifold of dimension n. A domain D 
with regular boundary is a point set of M whose points may be classified 
as either interior or boundary points. A point P of D is an interior point 
if it has a neighborhood in D. P is a boundary point if there is a coordinate 
neighborhood U of P such that U - D consists of those points 0 « U 
satisfying u"(Q) = u(P), that is, D lies on only one side of its boundary. 
That these point sets are mutually exclusive is clear. (Consider, as an 
example, the upper hemisphere including the rim. On the other hand, 
a closed triangle has singularities). The boundary @D of D is the set of 
all its boundary points. The following theorem is stated without proof: 

The boundary of a domain with regular boundary is a closed sub- 
manifold of M. Moreover, if M is orientable, so is 2D whose orientation 
is canonically induced by that of D. 

Now, let D be a compact domain with regular boundary and let h 
be a real-valued function on M with the property that A(P) = 1° if 
P< D and is otherwise zero. Then, the integral of an n-form « may be 
defined over D by the formula 


| ae i). hoe. (1.6.5) 
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Although the form he is not continuous the right side is meaningful 
as one sees by taking a partition of unity. 

Let « be a differential form of degree n — 1 and class k => 1 in M, 
Then 


If = ix (1.6.6) 


where the map 7 sending @D into M is the identity and dD has the 
orientation canonically induced by that of D. This is the theorem of 
Stokes. In order to prove it, we select a countable open covering of M 
by coordinate neighborhoods {U,} in such a way that either U, does 
not meet 9D, or it has the property of the neighborhood U in the 
definition of boundary point. Let {g,} be a partition of unity subordinated 
to this covering. Since D and its boundary are both compact, each of 
them meets only a finite number of the carriers of g;. Hence, 


and 


I, do: => J dee. 


These sums being finite, it is only necessary to establish that 


[oft = |, Mee) 


for each 2, the integrals being evaluated by formula (1.6.1). To complete 
the proof then, choose a local coordinate system u},...,u" for the 
coordinate neighborhood U, in such a way that dul A... A du® >0 
and put 


a0 =D (— 1 agdu A. A dak A duk) A... A dun 


kel 


where the functions a, are of class 2 1. Then, 


de =e Awa A dur, 


Compare with (1.4.9). The remainder of the proof is left as an exercise. 
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1.7. Affine connections 


We have seen that the partial derivatives of afunction with respect toa 
given system of local coordinates are the components of a covariant 
vector field or, stated in an invariant manner, the differential of a function 
is a covector. That this case is unique has already been shown (cf. 
equation 1.3.10). A similar computation for the contravariant vector 
field X = €*(@/éu*) results in 


of out out 5 «| Ba Ou! 


Bat Gul oak + Get Ba — 
where 
Out, 
gi =a ai & (1.7.2) 


in U a U. Again, the presence of the second term on the right indicates 
that the derivative of a contravariant vector field does not have tensor 
character. Differentiation may be given an invariant meaning on a 
manifold by introducing a set of n? linear differential forms w} = I}, du* 
in each coordinate neighborhood, so that in the overlap U 4 U of 
two coordinate neighborhoods 


out _. at aE 
ui Ok = Buk OF auldud We" (1.7.3) 


A direct computation shows that in the intersection of three coordinate 
neighborhoods one of the relations (1.7.3) is a consequence of the 
others. In terms of the n? coefficients Ii,, equations (1.7.3) may be 
written in the form 


. age at ris 78 oa 
be aout oat + Bad Bat aoe 74 
These equations are the classical equations of transformation of an 
affine connection. With these preliminaries we arrive at the notion 
we are seeking. We shall see that the w} permit us to define an invariant 
type of differentiation over a differentiable manifold. 

An affine connection on a differentiable manifold M is defined by 
prescribing a set of n® linear differential forms w} in each coordinate 
neighborhood of M in such a way that in the overlap of two coordinate 
neighborhoods 


dp + pra =piat, pi=r. (1.7.5) 
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A manifold with an affine connection is called an affinely connected 
manifold. 

The existence of an affine connection on a differentiable manifold 
will be shown in §1.9. In the sequel, we shall assume that M is an 
affinely connected manifold. Now, from the equations of transformation 
of a contravariant vector field X = &(@/@u*) we obtain by virtue of the 
equations (1.7.5) - 

dts — dpi & + pide 


; ; f 1.7. 
= (wk pt — at ph) & + pf des. ne) 


By rewriting these equations in the symmetrical form 

de + cy EF = pide? + ej &) (1.7.7) 
we see that the quantity in brackets transforms like a contravariant 
vector field. We call this quantity the covariant differential of X and 


denote it by DX: Its j* component dé + wi €* will be denoted by 
(DX), In terms of the natural base for covectors, (1.7.7) becomes 


ott F _ : 4] 'm wi 
a et t,) di’ = 2%,( e +e ri) du’. (1.7.8) 
We set 
a 
Df = zit eT, (1.7.9) 


and call it the covariant derivative of X with respect to u!. That the 
components D, transform like a tensor field of type (1,1) is clear. 
In fact, it follows from (1.7.8) that 


a es out out 


D, D, @ (1.7.10) 


~ eu" Oa! 


where the |.h.s. denotes the covariant derivative of X with respect to #. 

A similar discussion in the case of the covariant vector field ¢; permits 
us to define the covariant derivative of &, as the tensor field D,é; of 
type (0,2) where 


ie ae ee (1.7.11) 


~ Oui 
The extension of the above argument to tensor fields of type (7, s) is 
straightforward—the covariant derivative of the tensor field f--"*, 5 
with respect to u* being 
fea 2 ee: ty 
evil a anes Dy, ce Gate ae a 
(1.7.12) 


D, pa oe = ftiewie 


dy Cu® 


1 


Peery | U hcit, l 
— Etre eet vi Ss = yore 
g "Vigeigl Ink we pyeeedg igh 2 Tek 
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The covariant derivative of a tensor field being itself a tensor field, we 
may speak of second covariant derivatives, etc., the result again being 
a tensor field. 

Since Euclidean space E”, considered as a differentiable manifold, 
is covered by one coordinate neighborhood, it is not essential from 
our point of view to introduce the concept of covariant derivative. 
In fact, the affine connection is defined by setting the Ij, equal to 
zero, The underlying affine space A” is the ordinary n-dimensional 
vector space—the tangent space at each point P of £” coinciding 
with A”, Indeed, the linear map sending the tangent vector @/éu* to 
the vector (0, ..., 0, 1, 0, ...,0) (I in the 7” place) identifies the tangent 
space Tp with A” itself. Let P and Q be two points of A”. A tangent 
vector at P and one at Q are said to be parallel if they may be identified 
with the same vector of A®. Clearly, the concept of parallelism (of 
tangent vectors) in A” is independent of the curve joining them. 
However, in general, this is not the case as one readily sees from the 
differential geometry of surfaces in E°. We therefore make the following 
definition: 

Let C = C(t) be a piecewise differentiable curve in M. The tangent 
vectors 


X(t) = (0) (1.7.13) 


are said to be parallel along C if the covariant derivative DX(t) of X(t) 
vanishes in the direction of C, that is, if 


ae 


Py yc ent (1.7.14) 


— 


A piecewise differentiable curve is called an auto-parallel curve, if its 
tangent vectors are parallel along the curve itself. 

The equations (1.7.14) are a system of 2 first order differential 
equations, and so corresponding to the initial value X = X(t) at t = ty 
there is a unique solution. Geometrically, we say that the vector X(t) 
has been given a parallel displacement along C. Algebraically, the parallel 
displacement along C is a linear isomorphism of the tangent spaces at 
the points of C. By definition, the auto-parallel curves are the integral 
curves of the system 


du! , dui duk 


Hence, corresponding to given initial values, there is a unique auto- 
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parallel curve through a given point tangent to a given vector. Note 
that the auto-parallel curves in A” are straight lines. 

Affine space has the further property that functions defined in it 
have symmetric second covariant derivatives. This is, however, not the 
case in an arbitrary differentiable manifold. For, let f be a function 
expressed in the local coordinates (u*). Then 


a 
ee a 
af af 
DD, f = DAD, f) = =, — Are, (1.7.16) 


from which 


D;D,f — D:D, f = Z CO tae Se (1.7.17) 


jt t. 


If we put 
Yo ee eee ae (1.7.18) 


it follows that the 7;,' are the components of a tensor field of type (1,2) 
called the torsion tensor of the affine connection Ij. We remark at this 
point, that if @} = I}, du* are a set of n® linear differential forms in 
each coordinate neighborhood defining another affine connection on M, 
then it follows from the equations (1.7.4) that I}, — Fi, is a tensor field. 
In particular, if we put I}, = Ij,, that is, if of = Tijdu’, Fy, — Ty; 
is a tensor field. When we come to discuss the geometry of a Riemannian 
manifold we shall see that there is an affine connection whose torsion 
tensor vanishes. However, even in this case, it is not true that covariant 
differentiation is symmetric although for (scalar) functions this is certainly 
the case. In fact, a computation shows that 


D,D; € — D;D, & = € Rhy, — Dy & Tx! (1.7.19) 
where 
Jet, or 7 
Ri = 3a — Bye + Ta lke — Ce Th. (1.7.20) 


(In the case under consideration the components 7,,' are zero). Clearly, 
R’,,, is a tensor field of type (1,3) which is skew-symmetric in its last 
two indices. It is called the curvature tensor and depends only on the 
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affine connection, that is, the functions R‘;,, are functions of the Ij, 
only. More generally, for a tensor of type (7, s) 


DD, BN: — D,D, fot 


Gyendg 


— t _ttipya- i 
> as a yee Rie,,, 


(1.7.21) 
3 

= 2 Crete ge he tee Rog 

= dD; & Th! 


Now, if both the torsion and curvature tensors vanish, covariant 
differentiation is symmetric. It does not follow, however, that the 
Ii, vanish, that is, the space is not necessarily affine space. 

An affinely connected manifold is said to be locally affine or locally flat 
if a coordinate system exists relative to which the coefficients of con- 
nection vanish. Under the circumstances, both the torsion and curvature 
tensors vanish. Conversely, if the torsion and curvature are zero it can be 
shown that the manifold is locally flat (cf. I.E). 


1.8. Bundle of frames 


The necessity of the concept of an affine connection on a differentiable 
manifold has been clearly established from an analytical point of view. 
A geometrical interpretaticn of this notion is desirable. Hence, in this 
section a realization of this very important concept will be given in 
terms of the bundle of frames over M. 

By a frame x at the point P « M is meant a set {X,, ..., X,,} of linearly 
independent tangent vectors at P. Let B be theset of all frames ~ at all 
points P of M. Every element a € GL(n, R) acts on B to the right, that 
is, if @ denotes the matrix (aj) and « = {X,,..., X,}, then x-a= 
{aj X,, ..., ai.X;} ¢ B is another frame at P. The map 7:B—M of 
B onto M defined by 7(x) = P assigns to each frame x its point of origin. 
In terms of a system of local coordinates w!,...,u% in M the local 
coordinates in B are given by (uw), €%,)—the n? functions ¢%, being 
defined by the n vectors X, of the frame: 


Q 
Gu 


X, = & ie Carrere B (1.8.1) 
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Clearly, the £%,, i, k= 1,...,m are the elements of a non-singular 
matrix (é%,,). Conversely, every non-singular matrix defines a frame 
expressed in the above form. The set of all frames at all points of M 
can be given a topology, and in fact, a differentiable structure by taking 
u},...,u"™ and (&*,) as local coordinates in 7—(U). The differentiable 
manifold B is called the bundle of frames or bases over M with structural 
group GL(n, R). 

Let (é%) denote the inverse matrix of (£%,). In the overlap of two 
coordinate neighborhoods, (u‘, £%,) and (a, €%,) are related by 


ouk 
ga = Ou fay: (1.8.2) 
It follows that 
: oul 
Ew = aa fai 
from which 


EO dak = EW) dul, (1.8.3) 


Hence, for each 7, the function €¢) assigns to every point x of 7-(U) 
a l-form at = é dui at a(x) in U. Defining 0 = 7*a!, i= 1,...,” 
we obtain 2 linearly independent 1-forms # on the whole of B. Now, 
we take the covariant differential of each of the vectors X;. From (1.7.7) 
and (1.7.8) we obtain 


(DX) = pi, (DX in)” (1.8.4) 
where 
(DX iy) = déiy + of Ko, (1.8.5) 
and so from (1.8.3) 
EH (DXiy)) = EH (DX iy). (1.8.6) 


Denoting the common expression in (1.8.6) by af we see that the af 


define n® linear differential forms 6% = 7*a¥ on the whole of the 
bundle B. 

The n? + n forms 6, 6} in B are vector-valued differential forms in B. 
To see this, identify B with the collection of vector space isomorphisms 
x: R"—» Tp; namely, if x is the frame {X,, ..., X,} at P, then x(al, ..., a”) 
= a'X,. Now, for each t € T,, define @ to be an R*-valued 1-form by 


A(t) = xr, (£)). 
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As an exercise we leave to the reader the verification of the formulae 
for the exterior derivatives of the 6 and 6}: 


dei — 0 A 6 = 6, (1.8.7) 
d6; — 6 A 0 = @, (1.8.8) 
where 
OF = AP BAO", OF = 45% im 0 AO, (1.8.9) 
and 
Pim = — gy th) Econ (he - 7, (1.8.10) 
Sham = — GP Ba Ely Sm Roar 7 (1.8.11) 


—the P,,,7 and Si,,,, being functions on B whereas the torsion and 
curvature tensors are defined in M. Equations (1.8.7) - (1.8.9) are called 
the equations of structure. They are independent of the particular choice 


of frames, so that if we consider only those frames for which 


k (k) __ gk 
fy = 6 = 3;, 


du® \ wy, = 47 ym? du! du”, 
and 


du’, — wh A wi = — ER sm du \ du. (1.8.12) 


Differentiating equations (1.8.7) and (1.8.8) we obtain the Bzancht 
identities: 


do’ = 6 \ OF — BF A &, (1.8.13) 
dO = 6F \ OL — OF A &, (1.8.14) 


We have seen that an affine connection on M gives rise to a complete 
parallelisability of the bundle of frames B over M, that is the affine 
connection determines n? + 7 linearly independent linear differential 
forms in B. Conversely, if n* linear differential forms 6/ are given in B 
which together with the n-forms § satisfy the equations of structufe, 
they define an affine connection. The proof of this important fact is 
omitted. 

Let a be an element of the structural group GL(n, R) of the bundle 
of frames B over M. It induces a linear isomorphism of the tangent 
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space T,, at x « B onto the tangent space 7,.,. This, in turn gives rise 
to an isomorphism of T%., onto TX. On the other hand, the projection 
map 7 induces a map 7* of T} (the space of covectors at P e M), An 
affine connection on M may then be described as follows: 


(i) TX is the direct sum of W* and 7*(T3) where Wf is a linear 
subspace at x e B and a(x) = P; 


(ii) For every @ e GL(n, R) and x e B, Wf is the image of W3., by 
the induced map on the space of covectors. 


In other words, an affine connection on M 1s a choice of a subspace W* 
in T* at each point x of B subject to the conditions (i) and (it). Note that 
the dimension of WZ is n?. Hence, it can be defined by prescribing ? 
linearly independent differential forms which together with the & 
span Tx, 


1.9. Riemannian geometry 


Unless otherwise indicated, we shall assume in the sequel that we are 
given a differentiable manifold M of dimension z and class ~, 

A Riemannian metric on M is a tensor field g of type (0,2) on M subject 
to the conditions: 

(i) g is a symmetric tensor field, and 

(ii) g is positive definite. 
This tensor field is called the fundamental tensor field. When a Riemannian 
metric is given on M the manifold is called a Riemannian manifold. 
Geometry based upon a Riemannian metric is called Riemannian 
geometry. A Riemannian metric gives rise to an inner (scalar) product 
on each tangent space Tp at P € M: the scalar product of the contra- 
variant vector fields X = &(@/@u‘) and Y = n*(@/du*) at the point P 
is defined to be the scalar 


0 8 
XY= ene a, on =als el : (1.9.1) 


The positive square root of X + X is called the length of the vector X, 
Since the Riemannian metric is a tensor field, the quadratic differential 
form 

ds* = g,, dui duk (1.9.2) 


(where we have written du/ du* in place of du’ @ du* for convenience) 
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is independent of the choice of local coordinates uw‘. In this way, if we 
are given a parametrized curve C(Z), the integral 


:= i " SX) XW at (1.9.3) 


where X(t) is the tangent vector to C(t) defines the length s of the arc 
joining the points (u*(t))) and (w*(¢,)). 

Now, every differentiable manifold M (of class k) possesses a Rieman- 
nian metric. Indeed, we take an open covering {U,} of M by coordinate 
neighborhoods and a partition of unity {g,} subordinated to U,. Let 
ds?(= Lf, dut du’) be a positive definite quadratic differential form 
defined in each U, and let the carrier of g, be contained in U,. Then, 
La f.4s? defines a Riemannian metric on M. 

Since the dut du* have coefficients of class k — | in any other coor- 
dinate system and the g, can be taken to be of class k the manifold M 
possesses a Riemannian metric of class k — 1. 

It is now shown that there exists an affine connection on a differentiable 
manifold. In fact, we prove that there is a unique connection with the 
properties: (a) the torsion tensor is zero and (b) the scalar product (relative 
to some metric) 1s preserved during parallel displacement. To show this, 
assume that we have a connection Ij, satisfying conditions (a) and (b). 
We will obtain a formula for the coefficients Ij, in terms of the metric 
tensor g of (b). Let X(t) = &(t)(6/éu*) and Y(t) = n#(t)(@/éu*) be 
tangent vectors at the point (u'(z)) on the parametrized curve C(t). The 
condition that these vectors be parallel along C(t) are 


déi ¢ aut 
ae aes oes #=0 (1.9.4) 
and ‘ du 
ad UR te 
7 no rn. ni =0. (1.9.5) 
By condition (b), r 
SF leu & 7) =0, (1.9.6) 
that is as 
dg; - duk 73 
(Fz — ey liz a ee TM, =) ‘7 =0. (1.9.7) 


Since (1.9.6) holds for any pair of vectors X and Y and any parametrized 
curve C(?), 


@ 
ae = gy Tie + 80 Ti (1.9.8) 


32 I. RIEMANNIAN MANIFOLDS 


By permuting the indices 7, j, and k, two further equations are obtained: 


3a, 

Bie = guly + 8nTin (1.9.9) 
Bre 

a = ely + 8a Mi (1.9.10) 


We define the contravariant tensor field g?* by means of the equations 
bi 8 = 8. (1.9.11) 


Adding (1.9.8) to (1.9.9) and subtracting (1.9.10), one obtains after 
multiplying the result by 3 g’" and contracting 


Ire = fa} + 4B (Ta™ — Ta — Tw); (1.9.12) 
where 
m | (Bis, 8 Br 
— 1g ti LL eles 
{i} = ge" (Se + Bae — Bs) (1.9.13) 
and 
Tc = 8" Bis Tr’ (1.9.14) 


(Although the torsion tensor vanishes, it will be convenient in §5.3 
to have the formula (1.9.12)). Hence, since the torsion tensor vanishes 
(condition (a)), the connection Ij, is given explicitly in terms of the 
metric by formula (1.9.13). That the {;",} transform as they should is an 
easy exercise. This is the connection of Levi Civita. We remark that 
condition (b) says that parallel displacement is an isometry. This follows 
since parallel displacement is an isomorphic linear map between tangent 
spaces. 

A Riemannian metric gives rise to a submanifold B of the bundle of 
frames over M. This is the bundle of all orthonormal frames over M. 
An orthonormal frame at a point P of M is a set of m mutually per- 
pendicular unit vectors in the tangent space at P. In this case, the 
structural group of the bundle is the orthogonal group. A connection 
defined by a parallelization of B gives a parallel displacement which is an 
isometry—the Levi Civita connection being the only one which is torsion free. 
If we denote by 9,, 9,;, 9,;, S,,, the restrictions of 6, 61, @}, S*,,; to 
the orthonormal frames (cf. § 1.8), then by ‘developing’ the frames along 
a parametrized curve C into affine space A” (see the following paragraph), 
it can be shown that 


6,16; =0, 9,+ 6; =0 (1.9.15) 
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(cf. I,G.5), 
dd, =F, A Bye (1.9.16) 
j 
6,5 — > Die A On; = Oy, (1.9.17) 
k 
40 ;; = p> Dix A On; — Oxy A Bes (1.9.18) 
ke 


where the forms @, and 6,; (¢< j) are linearly independent; moreover, 
the functions S,;,, (cf. (1.8.9)) have the symmetry properties 


Signa = — Sir = — Sink, (1.9.19) 
Siner = Seas: (1.9.20) 
Sia + Saas + Saiz = 0- (1.9.21) 


Equations (1.9.16) and (1.9.17) are the restrictions to B of the cor- 
responding equations (1.8.7) and (1.8.8). 

Consider the bundle of frames over C(t) and denote once again the 
restrictions of 6;, 6;; to the submanifold over C(t) by the same symbols. 
To describe this bundle we choose a family of orthonormal frames 
{A,(t), ..., 4,(¢)} along C(t)—one for each value of ¢. Then, for a given 
value of ¢ the vectors X,(t), ..., X,(t) of a general frame are given by 


X(t) = x1 A(t), (x4) ¢ OR). 


The frames {X,(t), ..., X,(t)} can be mapped into frames in the bundle 
A” of frames over A” so that their relative positions remain unchanged. 
In particular, frames with the same origin along C(t) are mapped into 
frames with the same origin in A”. This follows from the fact that 
under the mapping the 6, and 6,, are the dual images of corresponding 
differential forms in A” (cf. I.F.1). 

Let C(t,) and C(t.) be any two points of C(t). A vector of To, is 
given by x'A,(t). Consider the map which associates with a vector 
A(t) © Toy, the vector %A,(t,) € To, defined by 


C'(ty) + ##AY(ty) = C’(t) + 34A'(t) © AP (1.9.22) 
where the prime denotes the image in A” of the corresponding vector 


with origin on C(t) and C’(t) is the image of C(t). In this way, the 
various tangent spaces along C(t) can be ‘compared’. This situation may 
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be geometrically described by saying that the tangent spaces along C(t) 
are developed into A” and compared by means of the development. 

An element of B over P « M is a set of m mutually perpendicular unit 
vectors X),...,.X, in the tangent space at P. The frames along C are 
developed into affine space A” and, as before, the images are denoted 
by a prime, so that P— P’ and X,— X; (t = I, 2, ..., 2). In this way, 
a scalar product may be defined in A” by identifying A” with one of its 
tangent spaces and putting 


X’Y'=H XY, 


Since the Levi Civita parallelism is an isometric linear map f, between 
tangent spaces, the scalar product defined in A” has an invariant meaning; 
for, f,X°f,Y=X-Y. 

Since the vectors of a frame are contravariant vectors, they determine 
a set of m linearly independent vectors in the space of covectors at the 
same point P, and since this latter space may be identified with A1(T$) 
a frame at P defines a set of independent 1-forms 6, at that point. We 
make a change in our notation at this stage: Since we deal with a 
development of the tangent spaces along C into the vector space A” 
we shall denote by P,{e,, ..., e,} a typical frame in B over P so that the 
image frame P’,{e;, ..., &,}(P — P’) in A” is a ‘fixed’ basis for the frames 
in A", Now, consider the vectorial 1-form L7., 0,e; in A” (cf. 1.A.6) which 
we denote by the ‘displacement vector’ dP’. Since A” may be covered by 
one coordinate neighborhood R” with local coordinates wu}, ..., u”, 
we may look upon dP’ as the vector whose components are the 
differentials du}, ..., du". Moreover, the e; are the natural basis vectors 
é/du' (i = 1, ..., 2). Now, in affine space it is not necessary to introduce 
the concept of covariant differential, and so the differential de; is a 
vectorial 1-form for each 1, and we may write 


de) = >) 8; 6}. (1.9.23) 


j=1 


Differentiating the equations 


€:+ & = Six 


and applying (1.9.23) we obtain the first of equations (1.9.15) (cf. /.G). 
The remaining formulae follow from those in § 1.8 as well as (1.9.15). 
We remark that the tensor Rjj,; = SimR™,; Satisfies the relations 
(1.9.19) - (1.9.21). 
The forms 6; and 0;; are determined by the Riemannian metric 
of the manifold. If we are given two such metrics ds? and ds? in the local 
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coordinates (u*) and (a'), respectively, then it can be shown that if f 
is a local differentiable homeomorphism f: U — U such that f*(ds?) = 
ds*, then f*6,= 06, and f*0,;=6,,, and conversely, if we write 
6; = 0, © 6, t= 1,..., 2 where © denotes the tensor product of 
covectors (cf. I.A) 


f*(8 foe 6?) ae 6? pee 2 


where f* is the induced dual map. (The forms @,, i = 1,...,” are 
vectors determined by duality from the vectors e,; by means of the 
metric). Therefore, f induces a homeomorphism of the bundles By 
and Bz of orthonormal frames over U and U, respectively. 

It follows that the forms 6; and @,, are intrinsically associated with the 
Riemannian metric in the sense that the dual of the homeomorphism 
By — Bg maps the 4, into the 6, and the 9,; into the @,;, and for this 
reason they account for the important properties of Riemannian 
geometry. 


1.10. Sectional curvature 


In a 2-dimensional Riemannian manifold the only non-vanishing 
functions S;;,,; are Syo. = — Syo3 = — Senge = Serer. We remark 
that the S;,,; are not the components of a tensor but are, in any case, 
functions defined on the bundle B of orthonormal frames. Moreover, 
the quantity — S,.;, is the Gaussian curvature of the manifold. We 
proceed to show that the value of the function — Sj... at a point P 
in an n-dimensional Riemannian manifold M is the Gaussian curvature 
at P of some surface (2-dimensional submanifold) through P. To this end, 
consider the family ¥ of orthonormal frames {e,, ...,é,} at a point P 
of M with the property that the ‘first’ two vectors of each of these frames 
lie in the same plane a through P. Let S be a 2-dimensional submanifold 
through P whose tangent plane at P is 7. The surface S is said to be 
geodesic at P if the geodesics (cf. § 1.11) through P tangent to = all 
lie on S. We seek the condition that S be geodesic at P. Let C be a 
parametrized curve on S through P tangent to the vector )?_, x,e, at P 
and develop the frames along C into E”. If we denote the image of a 
frame {é, ..., €n} by {e1 , ..., én}, we have 


a) aes) = > 5 Xn Our Op + > Xq ap ep - 
3 


a=l a=l r= a, pal 


In order that C be a geodesic, £?_, x, 6,, must vanish, and since this 
holds tor arbitrary initial values of the x,, the forms 6,, (1 Sa S 2, 
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3 Sr <n) are equal to zero at P. Conversely, if the 6,, vanish at P, 
then from (1.9.16) and (1.9.17) 


dO, = O A Om + >, Oy A On = O A O15 
dB, = 0, A Oy + >, 8, A Orn = 8 A Oro, (1.10.1) 
d6,. = > Pir A Org + Syor2 A 82 = Stora % A 9. 


These are the equations which hold on S. Hence, the quantity — S91. 
at a point P of a Riemannian manifold is equal to the Gaussian curvature 
at P of the surface tangent to the plane spanned by the first two vectors 
and which is geodesic at P. 

The Gaussian curvature at a point P of the surface geodesic at P 
and tangent to a plane z in the tangent space at P is called the sectional 
curvaturg at (P, 7) and is denoted by R(P, 7). If &, 4° are two ortho- 
normal vectors which span 7, it follows from (1.8.11) that 


R(Py7) = — Ryser & 9) & 7, (1.10.2) 


since Rijni = im R™ x1 


Let €*#, n** be any two vectors spanning 7. Then, 
Go abt + by*, a = cE + dy* 
where ad — bc # 0. In terms of the vectors &*#, 7**, 
R(P,m) = — (ad — bc)? Rize, OF 0%) E** 1, 
where 1/ad — be is the oriented area of the parallelogram with €**, y** 
as adjacent sides: 
Gino = (Bix Bir — Bir Bin) Fn? ERE 


If we drop the asterisks, we obtain the following formula for the sectional 
curvature at (P, 7): 


Reser € 9° & y! 
ROB a) Se ee ey 1.10.3 
am (Sie Sin — Bir Lin) Ey? EF ( ) 


Now, assume that R(P, 7) is independent of z, that is, suppose that 
the sectional curvature at (P, 7) does not depend on the two-dimensional 
section passing through this point. Then, from (1.10.3), we obtain 


Riser = K(@ix Bit — 811 Six) (1.10.4) 
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where K denotes the common value of R(P, 7) for all planes 7. By 


(1.8.11) 
Syiet = K&, Ey Ey En (Zar Lvs = Baxler) (1.10.5) 
= K(8sx 8;1 — 81 Sx) 


since the frames are orthonormal. Equation (1.10.5) may be rewritten 
by virtue of the second of equations (1.8.9) as 


0,, = — KO, A 6. (1.10.6) 


If we assume that at every point Pe M, R(P, 7) is independent of 
the plane section 7, then, by substituting (1.10.6) into (1.9.18) and 
applying (1.9.16) we get 

dK /\ 0, \ 0; =0. 


Hence, dK must be a linear combination of @,; and 9; from which dK = 0 
if nm => 3. This result is due to F. Schur: If the sectional curvature at 
every point of a Riemannian manifold does not depend on the two-dimensional 
section passing through the point, then it is constant over the manifold. 
Such a Riemannian manifold is said to be of constant curvature. 

Assume that the constant sectional curvature K vanishes. We may 
conclude then that the tensor R*,,,; vanishes, and so the manifold is 
locally flat. This means that there is a coordinate system with the 
property that relative to it the components {;,} of the Levi Civita 
connection vau.'sh. For, the equations 


aw ik P8 Gr 


obtained from (1.7.4) by putting I!, = 0 are completely integrable. 
Hence, there is a coordinate system in which the I, vanish. It follows 
that the components g,, of the fundamental tensor are constants. Thus, 
we have a local isometry from the manifold to E”. Conversely, if such 
a map exists, then clearly R‘,,, vanishes. 

Let X, = £*,,(8/éu*) (i = 1, ..., 2) denote m mutually orthogonal unit 
vectors at a point in a Riemannian manifold with the local coordinates 
ui, ...,u”. Then from (1.9.1) 


PG bin tai ox (1.10.7) 


It follows from the equations (1.9.11) that 


B88 =>) bin bin (1.10.8) 


T=] 
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The sectional curvature K,, determined by the vectors X, and X, 
is given by 
K,, ae Rijxr Er) El.) &) El). (1.10.9) 


Taking the sum of both sides of this equation from s = 1 to s=n 
we obtain 


n 


> Ks = Ra tin fn (1.10.10) 
s=1 

where we have put Ry, = — g!'R,,,,, that is 
Rin = 8" Riser (1.10.11) 


The tensor Rj, is called the Ricci curvature tensor or simply the Ricci 
tensor. Again, 


>) Kae k (1.10.12) 
r=1 s=1 
where we have put 
R= pi Ri. (1.10.13) 


The scalar R,, ¢',, &*,, is called the Ricci curvature with respect to the 
unit tangent vector X,. The scalar R determined by equation (1.10.12) 
is independent of the choice of orthonormal frame used to define it. 
It is called the Ricci scalar curvature or simply the scalar curvature. 
The Ricci curvature « in the direction of the tangent vector £ is 


defined by 


Ru é gk 
=. 1.10.14 
‘ fee ie" ( ) 
It follows that 
(Rix — Kein) €7 €* = 0. (1.10.15) 


The directions which give the extrema of « are given by 
(Riz — ix) €2 = 0. (1.10.16) 


In general, there are ” solutions €?,,, ..., €/,, of this equation which are 
mutually orthogonal. These directions are called Ricci directions. A 
manifold for which the Ricci directions are indeterminate is called 
an Einstein manifold. In this case, the Ricci curvature is given by 


Ry = KE ike (1.10.17) 
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If we multiply both sides of this equation by g’*, we obtain 
Ree (1.10.18) 


(In the sequel, the operation of multiplying the components of a tensor 
by the components of the metric tensor and contracting will be called 
transvection.) It follows that 


R 
Ry = 7 oe (1.10.19) 


Now, the Bianchi identity (1.8.14), or rather (1.9.18) can be expressed as 
Dy Reser + De Resim + Dr Risme = 0 (1.10.20) 


where D, denotes covariant differentiation in terms of the Levi Civita 
connection. Transvecting this identity with g*” we obtain 


D, Ring =D, Rie — DE Rn (1.10.21) 
which upon transvection with g’* results in 
2D, R', = D,R. (1.10.22) 
Substituting (1.10.19) into (1.10.22) and noting that 
Digix = 9, (1.10.23) 
we see that for z > 2, the scalar curvature is a constant. Hence, in an 
Einstein manifold the scalar curvature ts constant (n > 2). 
It should be remarked that the tensor R;, is symmetric. In fact, from 
equations (1.8.11) and (1.9.21) we obtain 
Roy + Rie + Rize = 0. (1.10.24) 
Contracting (1.10.24) with respect to ¢ and / gives 
Ri — Rey = 0 


by virtue of the symmetry relations (1.9.19) and the definition (1.10.11). 
Hence, the Ricci curvature tensor 1s symmetric. 
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1.11. Geodesic coordinates 


In this section we digress to define a rather special system of local 
coordinates at an arbitrary point P, of a Riemannian manifold M of 
dimension m and metric g. But first, we have seen that the differential 
equations of the auto-parallel curves ut = u‘(t), i = 1, ..., 2 of an affine 
connection wi = I¥, du* are given by 


25,% 3 k 
oe (a0, FHL (1.11.1) 
and that any integral curve of (1.11.1) is determined by a point P, 
and a direction at P). If the affine connection is the Levi Civita connection, 
a geodesic curve (or, simply, geodesic) is defined as a solution of (1.11.1) 
where the parameter ¢ denotes arc length. 

We define a local coordinate system (#*) at Py as follows: At the pole P, 
the partial derivatives of the components g,, of the metric tensor vanish, 
that is 


ou* 


(24), =. i,j,k =1,...,0. (1.11.2) 
t) 


Hence, the coefficients I", of the canonical connection also vanish at Py: 


(Sp = 0: (1.11.3) 


ik 


Such a system of local coordinates is called a geodesic coordinate system. 
Thus, at the pole of a geodesic coordinate system, covariant differentiation 
is identical with ordinary differentiation. On the other hand, from 


(1.11.1) : 
(Srp, = 


—a property enjoyed by the geodesics of E” relative to a system of 
cartesian caordinates. These are the reasons for exhibiting such coor- 
dinates at a point of a Riemannian manifold. Indeed, in a given com- 
putation substantial simplifications may result. 

The existence of geodesic coordinates is easily established. For, if we 
write the equations of transformation (1.7.4) of an affine connection 
in the form 


, Ou” bu aru! . bu 
"? Gui Ouk Oui Buk ~ * Gut 


(1.11.4) 
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and define the m functions da}, ..., a” by 
a! = aj(u* — u"(Po)) + $a; Dj(u’ — w'(Po)) (u* — u(Po)) 


where the a} are nm? constants with non-vanishing determinant, then 


(GE), =e Gm), ah, 
, 0 


du* / p iu? Ouk 


It follows that the right side of (1.11.4) vanishes at Py). Consequently, 
by (1.9.8) the equations (1.11.2) are satisfied. 

Incidentally, there exists a geodesic coordinate system in terms of 
which (8,;)p, = 8;. For, we can find real linear transformations of the 
(i), P= 1s gt ‘with constant coefficients so that the fundamental 
quadratic form may be expressed as a sum of squares. 


EXERCISES 


A. The tensor product 


Let V and W be vector spaces of dimension » over the field F and denote 
by V* and W* the dual spaces of V and W, respectively. Let L(V*, W*; F) 
denote the space of bilinear maps of V* x W* into F. This vector space is 
defined to be the tensor product of V and W and is denoted by V © W. 


1. Define the mapu: V x WV @ Was follows: 


u(v, w) (v*, w*) = <u, v*> <w, w*>. Then, w is bilinear and u(V x W) 
generates V @ W. Denote u(v, w) by v ® w and call w the natural map. w is 
onto but not 1-1. 

Hint: To prove that z is onto choose a basis ¢), ..., é, for V and a basis fy, ..., f, 
for W. 


2. Let Z be a vector space over F and @: VV xX W—Z a bilinear map. Then, 
there is a unique linear map 6: V @ W— Z such that 6-u = @. 


VxW——>Vvew 


oe 


This property characterizes the tensor product as is shown in the following 
exercise. 
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3. If P is a vector space over F, 4: V x W-— P isa bilinear map onto P, and 
if for any vector space 7,0: V x W—» Z (6, bilinear), there is a unique linear 
map 6: P+ Z with @-a = 8, 


sew ee: P 


er 


then P and V @ W are canonically isomorphic. 


We are now able to give an important alternate construction of the tensor 
product. The importance of this construction rests in the fact that it is a typical 
example of a more general process, viz., dividing free algebras by relations. 


4, Let F/,,, y be the free vector space generated by V x Wand consider V x W 
as a subset of Fy, yw with the obvious imbedding. Let K be the subspace of 
Fy, w generated by elements of the form 


(ax + By,z) — a(x,2) — B(y,2), 
(x,ae + Bw) — a(x,2) — B(x,w). 


Then, (Fy, w)/K together with the projection map «4: V x W— (Fy, w)/K 
satisfies the characteristic property for the tensor product of VY and W. In 
particular, « is bilinear. It follows that (F,,y)/K is canonically isomorphic 
with V © W. 

In the following exercise we discuss the concept of a tensorial form. 


5. By a tensorial p-form of type (r,s) at a point P of a differentiable manifold 
M we shall mean an element of the tensor product of the vector space T{(P) 
of tensors of type (7, s) at P with the vector space A?(Tp) of p-forms at P. 
A tensorial p-form of type (r,s) is a map M — T; ® A(T) assigning to each 
P e€ M an element of the tensor space T7(P) ® A(Tp). A tensorial p-form of 
type (0, 0) is simply a p-form and a tensorial |-form of type (1, 0) or vectorial 
1-form may be considered as a 1-form with values in T, 

Show that a tensorial p-form of type (7,s) may be expressed as a p-form 
whose coefficients are tensors of type (7, 5) or as a tensor field of type (r,s) 
with p-forms as coefficients. 


6. The notation of the latter part of § 1.9 is employed in this exercise. We shall 
use the symbol P’ to denote the position vector OP’ relative to some fixed 
point O € A”, Then, the vectors e; may be expressed as 


a fale (*) 
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If P’ moves along the curve C’(t), we have 


that is, 
dP’ = e;dué = (du') e;. 


Thus, dP’ is a vectorial 1-form. Show that dP’ may be considered as that vectorial 
1-form giving the identity map of A” into itself. 
Differentiating the relations (*) with respect to u/ we obtain 


Ge, PP’ 
ui  Oueiut * 


Again, since e, is a function of the parameter ¢ along C’(?), 


dep = @P’ dui Ge, dui 
dt duidu’ «dt — uh edt’ 


that is, 
de = ce dui, 
The de; (i = 1,...,) are vectorial |-forms. Hence, in terms of the basis 
{ei ® du’, 
ger = THE 


where the J; are the components of de; relative to this basis. Put 


oF = r, dui, i,k = 1,...,7. 
Then, 
de; = OF ey. 


Show that the matrix (07) defines a map of the tangent space at P’ + dP’ onto 
the tangent space at P’. Consequently, the functions ri are the coefficients of 
connection relative to the natural basis. 


B. Orientation 


1. Show the equivalence of the two definitions of an orientation for a differenti- 
able manifold. Assume that the form « of § 1.6 is differentiable. 
Hint: Use a partition of unity, 
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2. If 6, ¢ denote polar coordinates on a sphere in E* the manifold can be covered 
by the neighborhoods 
U:0Sd<74+3, 
U'it—38<0S0 
with coordinates 
wi = tan 4 cos¢, 4? = — tan 4 sin ¢. 
and 


6 Ca 
u'l = cot = 608 ¢, u’® =cot “y sin $, 


respectively. Show that the sphere is orientable. 
On the other hand, the real projective plane P? is not an orientable manifold. 


For, denoting by x,y,z rectangular cartesian coordinates in EZ, P? can be 
covered by the neighborhoods: 


U : | Pep} =| 25 
U': =| 23, =| Ze: 
y y 
vr] <a <2 


with the corresponding coordinates 


zB 
ge oe A 
x x 
z x 
u’l =—, ul? =—, 
y ¥ 
and 
x 
ut yt ae 
zB Zz 


Incidentally, the compact surfaces can be classified as spheres or projective 
planes with various numbers of handles attached. 


C. Grassman algebra 


1. Let E be an associative algebra over the reals R with the properties: 

1) E is a graded algebra (cf. § 3.3), that is E=EORO®...O£,4.., 
where the operation @ denotes the direct sum; each E, is a subspace of E and 
for e; € E;, e, € E,, e; A e; € E,4; where A denotes multiplication in E; 

2) E, = V where V is a real n-dimensional vector space and Ey = R; 

3) £, together with the identity 1 © R generates E; 

4)xAx=0, xek; 

5) pxy Nw A x, = 0, Nw A x, #0, 4, ..., %, € EB, implies p = 0. 
Then E is isomorphic to A (V). 
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2. The algebra E can be realized as T(V)/I,, where T(V) is the tensor algebra 
over V and J, is the ideal generated by the elements of the form x ® x, xe V. 


D. Frobenius’ theorem [23] 


The ensuing discussion is purely local. To begin with, we operate in a 
neighborhood of the origin O in R*. Let @ be a 1-form which is not zero at O. 
The problem considered is to find conditions for the existence of functions f 
and g such that 


0 = fag, 
that is, an integrating factor for the differential equation 
@=0 
is required. If 9 = fdg, then f(O) 4 0. Thus, d0 = df A dg = df A O/f or 


d@ =w/ @ where w= 4. 


Hence, 
8/ dé =0. 


Observe that if 6 = fdg, the equation @ = 0 implies dg = 0 and conversely. 
Consequently, the solutions or integral surfaces of 6 = 0 are the hypersurfaces 
g& = const. 

As an example, let » = 3 and consider the 1-form 


6 = yz dx + xz dy + dz 


where (x, y, 2) are rectangular coordinates of a point in R3, Then, dé = y dz A dx 
+x dz A dy. It follows that d? = dz/z A 6. However, w = dz/z is singular 
along the z-axis. To avoid this, we may take w = — y dx — x dy. The function 
g may be determined. by employing the fact that the integral surfaces g = const. 
are cut by the plane x = at, y = bt in the solution z of g(0, 0, z) = const. 
On this plane, the equation @ = 0 becomes 


dz + 2abzt dt = 0. 
The solution of this ordinary differential equation with the initial condition 


2(0) =c is 


B= ce alll, 
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Since abt? = xy, these curves span a surface 
z= ce, 


If we think of a, 5, ¢ as variables and make the transformation « = a, y = 8, 
z = ce~%, it is seen that the integral surfaces are 


ze*Y¥ = const. 
Apply the above procedure to the form 
6 = dz —y dx — dy 


and show that on the planes x = at, y = bt the surfaces z = 4 xy +yt+e 
are obtained whereas on the parabolic cylinders x = at, y = bt*, the surfaces 
obtained are z = xy + y+. (This is not the case in the first example.) 
Show that the reason integral surfaces are not obtained is given by 8 A 46 + 0. 


1. Let P be a point of the n-dimensional differentiable manifold M of class 
kand V,an r-dimensional subspace of the tangent space Tpat P.Putg =n — 1. 
Let x(r, P) be a frame at P whose last r vectors ¢,(A, B,... =q + 1, ..,#) 
are in V,. Then, V, may be defined in terms of the vectors 6', ..., 0 of the dual 
space T}, that is by the system of equations 


The vectors of any other frame %(r, P) satisfying these conditions may be 
expressed in terms of the vectors of x(r, P) as follows: 


= B 7 a 
64 =44ep, & =aye,, «,8,.. =1,..,%. 


It follows that at, = 0 fori =1,...,g and A =q+1,...,n. Hence, the cor- 
responding coframes (cf. D. 2) are given by 


=a hi, ot ath 


where the matrix (aj) ¢ GL(q, R). 

2. Conversely, let 61, ..., 8% be g linearly independent (over R) pfaffian forms at P. 
Let (64), A=q+1,...,” be r pfaffian forms given in such a way that the 
(6"), « =1,...,” define a coframe (that is, the dual vectors form a frame). 
The system of equations 6! = 0,...,0¢=0 then determines uniquely an 
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r-dimensional subspace V, of Tp. In order that the systems (6), (6%) give rise 
to the same r-dimensional subspace it is necessary and sufficient that there 
exist a matrix (a}) e GL(q, R) satisfying 


6° = aj 8. 


3. Let D be a domain of M. A pfaffian system of rank q and class (2 31S k — 1) 
is defined, if, for every covering of D by coordinate neighborhoods {U} and 
every point P of U a system of gq linearly independent pfaffian forms is given 
such that for Pe U NO 


6° = a} BF 


where the matrix (a5) ¢ GL(q, R) is of class 1. 

A pfaffian system of rank g(= 2 — r) on D defines an r-dimensional subspace 
of the tangent space Tp at each point P e D, that is, a field of r-planes of class 1. 
A manifold may not possess pfaffian systems of a given rank. For example, 
the existence of a pfaffian system of rank n — 1 is equivalent to the existence 
of a field of directions. This is not possible on an even-dimensional sphere. 


4. Suppose a pfaffian system of rank g and class / is defined on the coordinate 


neighborhood U by the l-forms 6, 1 =1,...,g. This system is said to be 
completely integrable if there are qg functions f* of class / + 1 such that 


6! = aj df’, (aj) € GL(q,R). 


The pfaffian system may then be defined by the g differentials df?. Under the 
circumstances the functions f‘ form a first integral of the system. 

The following result is due to Frobenius: 

In order that a pfaffian system (8) be completely integrable it is necessary and 
sufficient that dA OA ... A & = 0 for every i = 1,..., 9g. 

The necessity is clear. The sufficiency may be proved by employing a result 
on the existence of a ‘canonical pfaffian system’ in R* and then proceeding by 
induction on r [23]. Since a pfafhan system of rank g on U defines and can be 
defined by a non-zero decomposable form @ of degree g determined up to a 
non-zero factor this result may be stated as follows: 

If a pfaffian system of rank q has the property that at every point P « M there 
is a local coordinate system such that the form ® can be chosen to involve only q 
of these coordinates, the system is completely integrable. 


5. If O=@ A ... A 6%, the condition 


dO \ # =0 
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is equivalent to the condition 


dO =w NO 

for some l-form w. 

6. The linear subspaces of dimension r of Tp are in 1-1 correspondence 
with the classes of non-zero decomposable r-vectors—each class consisting 
of r-vectors differing from one another by a scalar factor. The set of r-vectors 
can be given a topology by means of the components relative to some basis. 
This defines a topology and, in fact, a differentiable structure in the set of 
subspaces denoted by G’(Tp) of dimension 7 of Tp. The manifold so obtained 
is called the Grassman manifold over Tp. The Grassman manifold G(T) over 
the dual space may be similarly defined. There is a 1-] correspondence 


G"(Tp) + G73). 


This map is independent of the choice of a basis in A"(7T3). Evidently then, 
it is a homeomorphism. 


Define the fibre bundle 
GM) = U G"(Tp) 
PEM 


over M and show that it can be given a topology and a differentiable structure 
of class k — 1. 
7, A cross section 

F:M—>G"(M) 


of this bundle is a pfaffian system of rank g sometimes called a differential system 
of dimension r or r-distribution. A differential system of dimension r therefore 
associates with every point P of M a linear subspace of dimension r of Tp. 
By means of the correspondence G(T p) + G(T), F defines (up to a non- 
zero factor) a decomposable form of degree q. 


8. A submanifold (y, M’‘) is called an integral manifold of F if, for every P’ « M', 
ex : Tp + F(p(P’)). 


The dimension of an integral manifold is therefore <7. Show that F is com- 
pletely integrable if every P ¢ M has a coordinate neighborhood with the local 
coordinates w},..., 4” such that the ‘coordinate slices’ 


u’ = const., ..., u“ = const. 


are integral manifolds of F, 
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Consider a completely integrable pfafhan system. The manifold (p, M’) 
is an integral manifold, if on every neighborhood U of M such that U n M’ 47] 
the pfaffian forms 6, ..., 0% vanish. If Pe M’, the tangent space to M’ at P 
is the r-plane defined by the pfaffian system. 

9. The Frobenius theorem is a generalization of well-known theorems on total 
differential equations. Consider, for example, the case n = 3, r =2 with the 
form © considered above given in the local coordinates x, y, z by 


@ = P(x, y, z)dx + O(x, y, z)dy + R(x, y, 2)dz. 


By Frobenius’ theorem, a necessary and sufficient condition for complete 
integrability is given by 
d@ A 6 =0, 


that is 
P(R, ='9;) + OP, =.) E R(Q, — P,) =0. 


E. Local flatness {23] 


1. If the curvature and torsion of an affinely connected manifold M are both 
zero, show that the manifold is locally flat. 

Hint: By means of the equations (1.7.5) it suffices to show the existence of a 
local coordinate system (#*) such that 


di’ = p} du’ 
and 

dp = pi wi. 
Use Frobenius’ theorem. 

This may also be seen as follows: From the structural equations it is seen that 
zero curvature implies that the distribution of horizontal planes in B given 
by 9; = 0 is completely integrable. An integral manifold is thus a covering of M. 
Since the torsion is also zero the other structural equation gives d = 0, 
1 = ],...,” on the integral marifold. Consequently, 6° = du‘, where (wu, ..., “") 
is a flat coordinate system, 


F. Development of frames along a parametrized curve into A® [23] 


1. In the notation of § 1.9 show that the frames {X,(t), ..., X,(t)} can be mapped 
into A” in such a way that the pfafhan forms @,, 6;; are dual images of cor- 
responding forms in A”: 

Let Xj(t), ..., X,(t) denote the images of the frame vectors under the mapping. 
In the notation of §1.9 a typical frame along C is denoted by P, fe, sity On} 
and its image vectors in A” by P fei Tr enh If the 6, and 0,, are the dual images 
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of corresponding forms in A® the position vector P’ together with the vectors 
e, satisfy the pfaffian system 


(*) 


(cf. equations (1.9.23)). The variables of this system are t, x} and the components 
of the vectors P’, ej, ..., e,. Since the curvature forms @,; are quadratic in the 
differentials of the local coordinates, they vanish along a parametrized curve. 
It follows that there exists a local differentiable homeomorphism f from the 
bundle of frames over the submanifold C(t) to the bundle of frames over 
C’(t)—the submanifold defined by the image of C(t) in A”, such that 


£6, = 8, f*O 5 = 94; 


where 6,, 6,; denote the forms in. A” corresponding to 6,, ,;. Show that the 
conditions in Frobenius’ theorem are satisfied by this system and hence that 
it is completely integrable. As a consequence of this, show that there is exactly 
one set of vectors P’, ej, ..., e,, satisfying (*) and taking arbitrary initial values 
for t = ty and x} = 8}. If ej, ..., e, are linearly independent for ¢ == ty show that 
they are independent for all values of ¢, that is, for all t,{e,, ag e,} is a frame 
on C(t). 


G. Holonomy [23] 


1. Denote the affine transformation defined by equation (1.9.22) by Ty... 


Lig Tpit) — Tpi,) te) * 


Show that T;,,, is not, in general, a linear map. Define the linear map 

Tie Ty t\) T(t) 
sending the vector x‘A,(t,) € Tp,,) into the vector #'A4,(t,) € Tp, by means 
of the equation 


x!A(t) = S4A'(ty), 


Show that T:, 1, 18 independent of (a) the choice of initial frame x? = 8) for t = ty 
and (b) the choice of the family {A,(t), » 4 A,(t)} of frames alang C(t). 
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2. Let O be an arbitrary point of M and {y} the family of closed parametrized 
curves on M with O as origin. The map 
yo T, 
associates with each y € {y} an affine transformation T,, of the tangent space at O. 
These transformations form a group denoted by H,-called the holonomy group 
at O. The restricted holonomy group H, consisting of the affine linear maps 7, 
is similarly defined. Show that the group H, when considered as an abstract 
group is independent of the choice of O. 
Hint: M is arcwise connected. 


3. An affine connection is called a metrical connection if its restricted holonomy 
group leaves invariant a positive definite quadratic form, Let © be an affinely 
connected manifold with a metrical connection and assume that the scalar 
product of two vectors is defined at some point O of M. Show that the scalar 
product may be defined everywhere on M. 

Hint: Let P be an arbitrary point of M, C a parametrized curve joining O 
and P and T;¢ the affine linear map from JT, to T'p along C. Define the scalar 
product at P by 


Xp: Yp=To Xp To Yp 


and show that this definition is independent of the choice of C. 
4. Show that the Levi Civita connection is a metrical connection. 
5. Establish the equations (1.9.15). 
One may proceed as follows: Develop the frames along C into affine space A”, 


Let X(t)) and Y(t)) be two vectors at C(t)) and X(t ), Y'(t)) the corresponding 
vectors at C’(t,). Define a scalar product at C’(t,) by 


A"(tg) * ¥"(to) = X(t) Y(to)- 


By identifying A” with one of its tangent spaces, a scalar product is defined in A”. 
From G.3, this scalar product is independent of the choice of t). In this way, 
it follows that the orthonormal frames along C can be developed into A” in 
such a way that 


dP’ => 0,0, def =>) 0, 
i=1 j=l 
where 


, , 
ees = by. 


The equations (1.9.15) follow by differentiating the last relation and 
applying LF, 
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The idea of translating, wherever possible, problems of Riemannian geometry 
to problems of Euclidean geometry is due to E. Cartan [Legons sur la géométrie 
des espaces de Riemann, Gauthier-Villars (1928; 2nd edition, 1946)]. 


H. Geodesic coordinates 


1. Show that at the pole of geodesic coordinates (u*) the Riemannian curvature 
tensor has the components 


ag. aE; og o"g 
Rigi = (8 ~ aul Bu ~~ @ut Bul + oi wi 


Hence, the curvature tensor has the symmetry property (1.9.20). 


I. The curvature tensor 


1. The curvature tensor (which we now denote by L) of a Riemannian manifold 
with metric tensor g is completely determined by the sectional curvatures, 
To see this, consider L as a transformation 


L:TxTxT-T 
(cf. 1.2.15); then, the symmetry relations (1.9.19)-(1.9.21) become 
(a) L(X,Y,Z) = —L(Y,X,Z), 
(b) s(L(X,Y,2),W) = — g(L{X,Y,W),Z), 
(c) §(L(X,Y,2Z), W) = g(L(Z,W,X),¥), 
(d) g(L(X,Y,Z),W) + g(L(X,Z,W),Y) + g(L(X,W,Y),Z) =0. 


The relation (a) says that as a function of the first two variables L depends only 
on X A Y. Thus, we may write 


L(X A Y,Z) = L(X,Y,Z). 
The metric tensor g may be extended to an inner product on A(T) as follows: 
B(Xy1 A Xn, Xo, A Xqq) = det g(Xiz, Xprs*) 


for any vectors X,,, Xi, Xa, x. e T where 1,7 = 1,2; 1* = 2, 2* = 1. Then, 
(b) says that e(L(X A Y,Z),W) is a function of Z A W only. Hence, there is a 
unique [(X A Y)¢ A*(T) such that 


LAX A ¥,Z),W) = 9(L(X A Y),Z AW). 


The relation (c) says that £ is a symmetric transformation of A*(T). 
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By the usual ‘polarization trick’: 
(29(X,Y) = go X + Y, X + Y) — g(X,X) — g(Y,Y)), a symmetric linear 
transformation is determined by the quadratic form corresponding to it. Hence 
L is determined by 


g(L£(é), é) 


where the bivector £ runs through A(T). It is sufficient to consider only 
decomposable ¢, Consequently, £ is determined by the sectional curvatures 


— AL(X A Y),X AY) 


AOGY) = eX AY,X AY) 


of the planes spanned by X and Y for all X,Y é T. 
2. Put 
R(X, Y)Z = L(X A Y,Z) 


and show that R(X,Y) is a tensor of type (1,1). The sectional curvature deter- 
mined by the vectors X and Y may then be written as 


a(R(X,Y)X,Y) 


se eam ba 2 ae ae 


For any set {X,, Xj, X;, X;} of orthonormal vectors, show that 
Rijn = BRIX, X)Xp,X)). 


3. Show that the curve C in the orthogonal group of 7'p given by the matrix 
(C(t)}) defining the parallel translation of Tp around the coordinate square 
with corners (a) u;=u,P), uj = uP), (b) u;=u(P)+ Vt, uj; = u,(P), 
(c) uj = u(P) + Vt, uj = uP) + V2, (d) 4 = u(P), uy = uP) + VF, all 


other z’s constant has derivative 
(C(t)i)ar = Ro jn 


J. Principal fibre bundles 


1. Given a differentiable manifold M and Lie group G we define a new 
differentiable manifold B = B(M,G) called a principal fibre bundle with base 
space M and structural group G as follows: 


(i) The group G acts differentiably on B without fixed points, that is the 
map (x,g) + xg, x ¢ B,g ¢G from B x G — B is differentiable; 

(ii) The manifold M is the quotient space of B by the equivalence relation 
defined by G; 

(iii) The canonical projection 7 : B-—» M is differentiable; 
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(iv) Each point P ¢ M has a neighborhood U such that 7~1(U) is isomorphic 
with U x G, that is, if x €7—1(U) the map x — (n(x), f(x)) from a-“({U) + Ux G 
is a differentiable isomorphism with ¢(xg) = 4(x)g, g € G. 

Show that M x G isa principal fibre bundle by allowing G to acton M x G 
as follows: (P,g)k = (P,gh), Pe M, g, heG. 


2. The submanifold 7—1(P) associated with each P € M is a closed submanifold 
of B(M,G) differentiably isomorphic with G. It is called the fibre over P. If 
M’ is an open submanifold of M, show that 7-!(M’) is a principal fibre bundle 
with base space M’ and structural group G. 


3. Let {U,} be an open covering of M. Show that the map 7 (U, % U;) > G 
defined by 


$p(*8) (Pa(xg))"* = Fa(x) (Pal*)), xX EWU Ua) 


is constant on each fibre. Denote the induced maps of U, ~ U,-> G by fy. 
For U, 0 U, A( the f;, are called the transition functions corresponding to 
the covering {U,}. They have the property 


Sal?) = fy P)fp(P), a Un Usa U,. 


4. Let {U,} be an open covering of M and f,,: U,Q Uz > G, U, 1U, 40 
a family of differentiable maps satisfying the above relation. Construct a principal 
fibre bundle B(M,G) whose transition functions are the f,,. 

Hint: Define N, = U, x G for each open set U, of the covering {U,} and 
put N = UN, If we take as open sets in N the open sets of the N,, N becomes 


a differentiable manifold. Define an equivalence relation ~ in N in the following 
way: (P,g) ~ (P,h), if and only if h = f,,(P)g. Finally, define B as the quotient 
space of N by this equivalence relation. Let 7-(U,,) be an open submanifold of B 
differentiably homeomorphic with U, x G. In this way, B becomes a differenti- 
able manifold and one may now check conditions (i) - (iv) above. 

5. Show that the homogeneous space G/H of the Lie group G by the closed 
subgroup H defines a principal fibre bundle G(G/H,H) with base space G/H 
and structural group H (cf. VI. E. 1). 


6. Show that the bundle of frames with group G = GL(n,R) is a principal 
fibre bundle. 


7. Consider the principal fibre bundle B(M,G) and let F be a differentiable 
manifold on which G acts differentiably, that is the map (g,v)—>gv from 
G x FF is differentiable. The group G can be made to act differentiably 
on B x F in the following manner: (x,v) — (x,v)g = (xg,g7!v). Denote by E 
the quotient space (B x F)/G; the points of E are the classes [(x,v)], x © B, 
veF, Denote by zg the canonical projection of B onto M. A projection mg, 
of E onto M is defined by zg[(x,v)] = 7,(x). For each Pe M, the fibre 
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mpl(P) CE of £ is the set of points represented by the class [(x,v)] where x 
is an arbitrary point of B satisfying 7_(~) = P and v is an arbitrary point of F. 
Show that E is a differentiable manifold by considering 7;(U) as an open 
submanifold of # which may be identified with U x F. In terms of the 
differentiable structure given to E the map zg is differentiable. The manifold £ 
is known as the associated fibre bundle of B with base space M, standard fibre 
F and structural group G. Note that E and B have the same base spaces and 
structural groups. 


8. Let F be an n-dimensional vector space with the fixed basis (vj,..., U,). 
The group G = GL(n,R) acts on F by gv, = gi v;. The tangent bundle is the 
associated fibre bundle of B with F as standard fibre. Show that the tangent 
bundle is the bundle of contravariant vectors of § 1.3. 

It is surprising indeed that a manifold structure can be defined on the set 
of all tangent vectors, for there is no a@ priori relation between tangent spaces 
defined abstractly. Moreover, the idea of a vector varying continuously in a 
vector space which itself varies is a priori remarkable. 


9. Let M be a (connected) differentiable manifold and B its universal covering 
space. By considering the action of the fundamental group 7,(M) on B, show 
that B is a principal fibre bundle with base space M and structural group 
7M). Show also that any covering space is an associated fibre bundle of B 
with discrete standard fibre. 


K. Riemannian metrics 


1. It has been shown that a (connected) differentiable manifold M admits 
a Riemannian metric (cf. § 1.9), With respect to a Riemannian metric, a natural 
metric d may be defined as follows: d(P, Q) is the greatest lower bound of the 
lengths of all piecewise differentiable curves joining P and Q. A Riemannian 
manifold is therefore a metric space. It is a complete metric space if the metric @ 
is complete (cf. § 7.7). In this case the Riemannian metric is said to be complete. 
Every differentiable manifold carries a complete Riemannian metric. If every 
Riemannian metric carried by M is complete, M is compact [86]. A Riemannian 
manifold is said to be complete if its metric is complete. 


CHAPTER Il 


TOPOLOGY OF DIFFERENTIABLE MANIFOLDS 


In Chapter I we studied the local geometry of a Riemannian manifold 
M. In the sequel, we will be interested in how the local properties of M 
affect its global behaviour. The Grassman algebra of exterior forms is a 
structure defined at each point of a differentiable manifold. In the theory 
of multiple integrals we consider rather the Grassman bundle which, 
as we have seen, is the union of these algebras taken over the manifold. 
It is the purpose of this chapter to describe a class of differential forms 
(the harmonic forms) which have important topological implications. 
To this end, we describe the topology of M insofar as it is necessary 
to define certain algebraic characters, namely the cohomology groups 
of M. These groups are, in fact, topological invariants of the 
manifold. The procedure followed is similar to that of Chapter I where 
the Grassman algebra was first defined over an ‘arbitrary’ vector space 
and then associated with a differentiable manifold via the tangent space 
at each point of the manifold. We begin then by defining an abstract 
complex K over which an algebraic structure will be defined. We will 
then associate K with a related construction K’ on M. The cor- 
responding algebra over K’ will yield the topological invariants we seek. 
The chapter is concluded with a theorem relating the class of forms 
referred to above with these invariants. 


2.1. Complexes 


A closure finite abstract complex K is a countable collection of objects 
{SP}, 7 = 1, 2, «+ called simplexes satisfying the following properties. 
(i) To each simplex S? there is associated an integer p = 0 called its 
dimension; 
(ii) To the simplexes S? and S?-! is associated an integer denoted 
by [S? : S?-1], called their incidence number ; 
36 


2.1. COMPLEXES 57 


(ii) There are only a finite number of simplexes S?-) such that 
(SP: SP-] 40; 
(iv) For every pair of simplexes S?+!, S?-! whose dimensions differ 
by two 
SSP 67 197287910. 


k 


We associate with K an integer dim K (which may be infinite) called 
its dimension which is defined as the maximum dimension of the 
simplexes of K. 

An algebraic structure is imposed on K as follows: The p-simplexes 
are taken as free generators of an abelian group. A (formal) finite sum 


Cy = D8 S?, £,€G 


where G is an abelian group is called a p-dimenstonal chatn or, simply 
a p-chain. Iwo p-chains may be added, their sum being defined in the 
obvious manner: 


C+ Co =D ee teh soareG. 


In this way, the p-chains form an abelian group which is denoted by 
C,(K, G). This group can be shown to be isomorphic with C,(K, Z) © G 
where Z denotes the ring of integers, that is, the tensor product (see 
below) of the free abelian group generated by K with the abelian group G. 

Let A be a ring with unity 1. A A-module is an (additive) abelian 
group A together with a map (A, a) > Aa of A x A—A satisfying 


(i) Alay + a.) = Aa, + Ady, 
(ii) (Ay + Aga = Aya + AQa, 
(til) (AyAg)a = A, (Aga), 

(iv) la =a. 


Since the ring / operates on the group A on the left such a module is 
called a left A-module. A right A-module is defined similarly; indeed, 
one need only replace Aa by aa and (iii) becomes 

(it)’ @(AyAg) = (4Az)Ag. 


For commutative rings no distinction is made between left and right 
A-modules. 
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Note that a Z-module is simply an abelian group and that for every 
integer n 


na=a-+-- + a (n times). 


Let A be a right A-module and B a left A-module. Denote by 
F4., the free abelian group having as basis the set A x B of pairs 
(a,b), ae A, be B and by I the subgroup of F4,, generated by the 
elements of the form 


(@, + 4,,b) — (a,b) — (a2,6); 
(a,b, + be) — (@,b,) — (@,22), 
(a,b) — (a, Ab). 


The quotient group Fy,,/I is known as the tensor product of A and B 
and is evidently an abelian group (cf. I.A.4). 

There is an operation which may be applied to a p-chain to obtain 
a (p — 1)-chain called the boundary operation. It is denoted by 6 and 
is defined by the formula 


aC, = ¥ 4 25? =¥ Deis? SSP, 
i go 


where C, = X, 8; SP and g,[.S?P : SP] is defined by considering G as a 
Z-module. Moreover, it is linear in C,(K,G) and hence defines a 
homomorphism 


2: C(K GS C6,(K.6); 


The kernel of @ is denoted by 2Z,(K, G), the elements of which are 
called p-cycles. As a consequence of (iv) in the definition of a complex, 
&(0C,) = 0 for any C,. The image of C,.,(K, G) under @ denoted by 
B,(K, G) 1s called the group of bounding p-cycles of K over G and its 
elements are called bounding p-cycles or simply boundaries. The quotient 
group 

H{K,G) = Z,(K,G)/B(K,C) 


is called the p™ homology group of K with coefficient group G. The 
elements of H,(K,G) are called homology classes. Clearly, a p-cycle 
determines a well-defined homology class. Two cycles IF’? and I? in 
the same homology class are said to be homologous and we write 
I’? ~ TP. Obviously, PP ~ IP, if and only if, TP? — IP isa boundary. 

Assume now that G is the group of integers Z and write C,(K) = 
C,(K, Z), etc. The elements of C,(K) are called (finite) integral p-chains 
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of K. A linear function f” defined on C,(K) with values in a com- 
mutative topological group G: 


f?: C,(K) > G 


is called a p-dimensional cochain or simply a p-cochain. We define groups 
dual to the homology groups: The sum of two p-cochains f” and g? is 
defined by the formula 


(F* + 8") (Co) = F(Co) + 8"(Co) 


for any p-chain C, ¢C,(K). With this definition of addition the 
p-cochains form a group C?(K, G). The inverse of the cochain f” is 
the cochain — f? defined by 


— FC) = f"(— Cp) 


where — C,, is the p-chain (— 1)C,. (This group is actually a topological 
group with the following topology: For a p-simplex S? and an open set 
U of Ga neighborhood (S?, U) in C?(K, G) is defined as the set of 
cochains f? such that f?(S?) e U). Since the SP are free generators of 
the group C,(K), a p-cochain f” defines a unique homomorphism of 
C,(K) into G. 

An operator @* dual to @ and called the coboundary operator is defined 
on the p-cochains as follows: 


(O*F") (Cosa) = f"(OC p41). 


The image of f? urder @* is a (p + 1)-cochain called the coboundary 
of f?. The operator @* has the properties: 


(i) O*(f? + 2?) = O*f? + O*g°, 
(ii) a*(a*f?) = 0. 


This latter property follows from the corresponding property on chains. 
That @* defines a homomorphism 


a* : C(K,G) > C**(K,G) 


is clear. The kernel of @* is denoted by Z?(K, G) and its elements are 
called p-cocycles. The image of C?-\K,G) under @* denoted by 
B?(K, G) is called the group of cobounding p-cycles or, simply, coboundaries. 
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The quotient group 
H(K,G) = Z°(K,G)/B(K,G) 


is called the p* cohomology group of K with coefficient group G. (It 
carries a topology induced by that of C?(K,G)). The elements of 
H?(K, G) are called cohomology classes. Evidently, a p-cocycle determines 
a well-defined cohomology class. Two cocycles f? and g? in the same 
cohomology class are said to be cohomologous and we write the 
‘cohomology’ f? ~ g?. Obviously, f? ~g?, if and only if, f? — gP 
is a coboundary. 


2.2. Singular homology 


By a geometric realization K, of an abstract complex K we mean a 
complex whose simplexes are points, open line segments, open triangles, 
... in an Euclidean space £ of sufficiently high dimension corresponding, 
respectively, to the 0, 1, 2, ----dimensional objects in K in such a way 
that distinct simplexes of K correspond to disjoint simplexes of Kg. 
The point-set union of all the simplexes of the complex Ky written 
| Kg | is called a polyhedron and the complex K is said to be a covering 
of | K, |. Two complexes K and K’ are said to be isomorphic if there is 
a 1-1 correspondence between their simplexes S? <—> S;” preserving 
the incidences (cf. definition of an abstract complex). When K and K’ 
are isomorphic it can be shown that there is an induced homeomorphism 
¢,: | Kg |—> | Kz | where Ky, and K; are geometric realizations of the 
complexes K and K’, respectively such that ¢S? = S;? where S;” is 
the simplex corresponding to S? under the isomorphism ¢. It is indeed 
remarkable that the corresponding homology groups of any two covering 
complexes of a polyhedron are isomorphic. Hence, they are topological 
invariants of the polyhedron. 

If the coefficients G in the definition of the homology groups form a 
ring F, these groups become modules over F. The rank of H,(K, F) 
as a module over F is called the p'” betti number b,(K) (= 6,(K, F)) 
of the complex K. If F is a field of characteristic zero, these modules are 
vector spaces over F. Thus, },(K, F) is the dimension of the vector space 
H,(K, F), that is the maximum number of p-cycles over F linearly 
independent of the bounding p-cycles. The expression D2 * (— 1)? 6,(K) 
is called the Euler-Poincaré characteristic of K. 

Since the homology groups of a covering complex of a polyhedron 
are topological invariants of the polyhedron so are the betti numbers 
and hence also the Euler-Poincaré characteristic. This, in turn implies 
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that if | Kg | and | Kz | are homeomorphic, the corresponding homology 
groups of K and K’ are isomorphic and their bettt numbers coincide. 

By a p-simplex [p : S?], p = 0, 1, 2, --- on a differentiable manifold M 
is understood an Euclidean p-simplex S? (point, closed line segment, 
closed triangle, :--) together with a differentiable map ¢ of S? into M. 
More precisely, let R® denote the vector space whose points are infinite 
sequences of real numbers (x1, ---, x”, ---) with only a finite number 
of coordinates x" #0. The finite-dimensional vector spaces RP? are 
canonically imbedded in R®. Consider the ordered sequence of points 
(Po, +++, Pp) (necessarily linearly independent) in R® and denote by 
A(Po,°*:, Py) the smallest convex set containing them, that is 4(Po,---, P,) = 
{roPo to + rypPy | 2M + +7 = 1h. Let (Py, Pp) = 
{ro Po + + ry Pp | ro + +7, = 1}, that is, the plane determined 
by the P;, i =0,-+,p. The numbers 7, ---, 7, are called barycentric 
coordinates of a vector in (Po, +, P,). By a singular p-simplex on M 
we mean a map 9 of class | of A(Po, -*:, P,) into M. A singular p-chain 
is a map of the set of all singular p-simplexes into R usually written as 
a formal sum Lg,s? (g; € Z) with the singular simplexes s? indexed in 
some fixed manner. 

We denote by |s?| the support of s?, that is the set of pointsp(4(P,,---, P,)). 
A chain is called locally finite if each compact set meets only a finite 
number of supports with g,; 4 0. We consider only locally finite chains. 
A singular chain is said to be finite if there are only a finite number of 
non-vanishing g,;. The support of a p-chain is the union of all | s? | with 
&; #0. Singular chains may be added and multiplied by scalars (elements 
of R) in the obvious manner. Infinite sums are permissible if the result 
is a locally finite chain. 

The faces of a p-simplex s? ~ [p: Po,-**, Pp] (p > 0) are the simplexes 
Sf = [pe Py Pra Peay Pp). A boundary operator @ is defined 
by putting 


Dd 
as? =>) (— 1)? 
imO 
For p = 0 we put 25° = Q. The extension to arbitrary singular chains is 
by linearity. It is easily checked that the condition of local finiteness 
is fulfilled. Moreover, 62 = Q. Note that [s?: s?] =(— 1)*. 

Cycles and boundaries are defined in the usual manner. Let S,, denote 
the vector space of all finite p-chains, S% the subspace of p- cycles and 
° » the space of boundaries of finite (p + 1)-chains. The quotient 

Ss /S® is called the p'” singular homology space or group of M and is 
denoted by SH,. 

In this way, it is possible to associate with M a covering complex K, 
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that is a complex such that every point of M lies on exactly one simplex 
of K and every simplex of K lies on M. This important theorem was 
proved by Cairns [/7]. The complex K is, of course, not unique. It 
follows that M is a polyhedron, that is, M is homeomorphic with | K |. 
Hence, the invariants described above are topological invariants of the 
manifold. In the sequel, we shall therefore writte H?(M, R) for 
H?(K, R), ete. 


2.3. Stokes’ theorem 


Let ¢ be a singular p-simplex and a a p-form on the differentiable 
manifold M. Since » is continuous, the intersection of the carrier of « 
and the support of ¢ is compact. Define the integral of « over 
sP = [p: Po, | 


by 


For C, = 2,8; s?, define the integral of « over C, 
[6 

Cy 
by linear extension, that is 


j= 2s |e 


Now, let « be a (p — 1)-form over the differentiable manifold M of 
dimension n and C, a p-chain of a covering complex K of M. Then, 
it can be shown in much the same way as the Stokes’ formula was 
established in § 1.6 that 


{ ar f -i l<pSn. 06.1) 


Consider the functional L, defined as follows: 
Licv= | & (2.3.2) 
Cp 


Clearly, La: C,(K)— R is a linear functional, that is L, is a p-cochain 
with real coefficients. In this way, to a p-form o there corresponds a 
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p-cochain L,. It follows from (2.3.1) that if « is a closed form, L, is a 
cocycle. Moreover, to an exact form there corresponds a coboundary. 
This correspondence between differential forms and cochains may be 
extended by defining a satisfactory product theory for complexes 
(cf. Appendix B). 


2.4. De Rham cohomology 


Since any two covering complexes of a differentiable manifold M 
determine isomorphic homology and cohomology groups we shall call 
them the homology and cohomology groups, respectively, of M. Now, 
for a fixed closed differential form a of degree p on M the integral 
Jr « isa linear functional on SH,. To see this, put Ij = I, + 0Cy41; 


easter ae) and goes ne 


by Stokes’ theorem. Hence, there is a unique cohomology class 
{f?} « H?(M) (= H(M, R)) such that 


Cott 


[«=fr2) 


for all {I,} « SH, where f? is a cocycle belonging to the cohomology 
class {f?}. A theorem due to de Rham (cf. Appendix A and [65]) implies 
that the correspondence « —> {f”} establishes an isomorphism (provided 
M is compact), that is 


D*(M) =~ H*(M) 


(cf. § 2.6). Moreover, the cohomology class associated with the exterior 
product of two closed differential forms is the cup product of their 
cohomology classes (cf. Appendix B). Hence, the isomorphism is a 
ring isomorphism. Since the p betti number b,(M) of M is the 
dimension of the group H?(M), it follows that b,(M) is equal to ‘the 
number of linearly independent closed differential forms of degree p modulo 
the exact forms of degree p. In the remaining sections of this chapter 
we shall see how this result was extended by Hodge to a more restricted 
class of forms. 
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2.5. Periods 


General line integrals of the form 


\P dx + q dy (2:5.1) 


are often studied as functionals of the arc (or chain) C under the 
conditions that the functions p = p(x, y) and g = q(x, y) are of class 
k=J1 ina plane region D and that C is allowed to vary in D. A 
particularly important type of line integral has the characteristic property 
that the integral depends only on its end points, that is if C and C’ 
have the same initial and terminal points 


[ pavtad =| pdx +qdy. (2.5.2) 
c (eg 


This is equivalent to the statement that 
| pdx +qdy=0 (2.5.3) 
r 


over any closed curve (or cycle) I’. Now, a necessary and sufficient 
condition that the line integral (2.5.1) be a function of the end-points 
of C is that the differential p dx + gdy be an exact differential, or, 
in the language of Chapter I that the linear differential form a = p dx + 
q dy be an exact differential form. The most important consequence is 
Cauchy’s theorem for simply connected regions. If « is a holomorphic 
differential and D a simply connected region, then 


J «=0, (2.5.4) 
aD 
If we put 


H(C) = | (2.5.5) 


a 
c 
then f is a linear functional (or cochain) and, in general 
fC) =f(C) + f(L) (2.5.6) 


where I’ is the cycle C’ — C. The integral f(I’) is called a period of the 
form «. Hence (2.5.6) may be stated as follows: The values of the 
line integral (2.5.1) along various chains with the same initial and 
terminal points are equal to a given value of the integral plus a period. 
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Conversely, every such sum represents a value of the integral. The study 
of the cochain f becomes a topological problem by virtue of this result, 
that is, the problem is to investigate the cycles. As a matter of fact, 
homology theory has its origin in this fundamental problem. Another 
important property of the cochain f is the following: If a cycle I’ may be 
continuously deformed to a point, then f(I”)=0. This is certainly 
the case if D is simply connected. 

Now, if 2 ~ I’, f(l) = fl") or, more generally, we may consider 
the homology 

Crm total, 21,62 (2.5.7) 

and it implies that 


12) =D aufCy 


t=] 


(2.5.8) 


= Emu 


i=) 


where the w; are the periods of the form a over the cycles J’,. The 
values of the line integral are then all of the form f(C) + D2 n, w,; 
where 5,(D) is the first betti number of D. This is a well-known expres- 
sion in analysis. The Cauchy theorem for multiply connected regions 
may now be stated: If « is a holomorphic differential and D is a multiply 
connected region, then 


{ =p (2.5.9) 


for every cycle  ~ Qin D. 


2.6. Decomposition theorem for compact Riemann surfaces 


The following generalizations can be made here. In the first place, 
it is possible to consider in place of D a surface with suitably related 
integrals. The classical example is the study of abelian integrals 


Fe) = | Ra,20) da (2.6.1) 


where R(z,w) is a rational function and w = w(z) is an algebraic 
function, the integral being evaluated along various paths in the z-plane. 
A branch of the function w(z) is chosen at 2) and a path from 2% to 2. 
The value of w(z) is then determined by analytic continuation along 
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the path of integration. Instead: of considering the z-plane we may 
consider a surface S on which the function w(z) is defined and single- 
valued. The surface S is called the Riemann surface of the algebraic 
function w(z). It can be shown that the Riemann surface of any algebraic 
function is homeomorphic to a sphere with g handles. On the other 
hand, we may consider such a surface and ask for those functions on the 
surface which correspond to single-valued analytic functions in the 
z-plane. In this way, we obtain a classification of analytic functions 
according to their Riemann surfaces. Moreover, the behavior of the 
integrals of the algebraic functions may be determined from a knowledge 
of the functions themselves, as well as the topology of the surface. This 
is Riemann’s approach to the study of algebraic functions and their 
integrals. Since the first betti number of a compact Riemann surface 
S is 2g, it can be shown that the periods of an everywhere analytic 
(henceforth, called holomorphic) integral on S are linear combinations 
of 2g periods. By constructing integrals with prescribed periods on 2g 
independent |-cycles of a compact Riemann surface S, it can be shown 
that the de Rham cohomology group D1(S) is isomorphic to the group 
H(S). This is de Rham’s isomorphism theorem for compact Riemann 
surfaces. 
Consider now the linear differential form 


a=pdx+qdy (2.6.2) 

over a Riemann surface S and define the operator « by 
xa = —g dx + pay. (2.6.3) 
That *« has an invariant meaning over S is easily seen by choosing a 


conformally related coordinate system (x’, y’): 


x= x(r',y'), 9 =r, 9’) 


that is 


ox Ox oy 


SO ec OE a 
Ox’ ay’? oy’ ax’? 


and checking the transformation law. The operator * has the following 
properties: ; 

(i) #(a +B) = ta + #8, ¥(fa) = f(*ar), 

(ii) #ka = ¥(ka) = — a, 

(ili) « A *B = B A *a, 

(iv) a A *a = 0, if and only if, « = 0. 
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Since df = (df/@x) dx + (af/@y) dy, we can define the operator *d for 
functions by 


7) 7) 
(sdf = +(df) =~ Pde + Ze. (2.6.4) 
Define 
(xd)a == — d(*a) (2.6.5) 
for 1-forms. 
If we put 
A = ded, (2.6.6) 
then 
a a 
Af = ( 5 f 3) dx /\\ dy. (2.6.7) 


A function f of class 2 is called harmonic on S if Af vanishes on S, 
Locally, then 


oF OF 
Fat Ba (2.6.8) 


A linear differential form « of class 1 on S is called a harmonic form if, 
for each point P of S there is a coordinate neighborhood U of P such 
that a is the total differential of a harmonic function f in U. This implies 
that *a is closed. In fact, a = df and dxdf = 0 in U, that is dka = 0. 
Conversely, dx = 0 implies that « = df, locally (cf. § A. 6). Moreover, 
d*x = O implies that d(xdf) = 0. Hence, fis harmonic. We have shown 
that a linear differential form « of class | is harmonic, if and only if, 
dx = 0 and dxa = 0. 

A harmonic differential form « = pdx + qdy on S, that is a form 
which satisfies da = 0 and dx«=0 defines a holomorphic function 
p — iq (locally) of z = x + ry (( = V — 1). Indeed, 


gs aOR, .< OD 
0 = da = (<4 = a dx \ dy, (2.6.9) 
Bae ey fl ae ae 
0 = dta = ( ae + 3} dx /\ dy, (2.6.10) 
and so we have locally (ép/éy) = (dq/ax) and (ap/ax) = — (éq/ ey), 


which are the Cauchy-Riemann equations for the functions p and — q. 
(A function f of class 1 is holomorphic on S if locally f(x, y) = u(x, y) + 
tv(x,y) and the functions u and v satisfy the Cauchy-Riemann 
equations). It is an easy matter to show that f is holomorphic on S, 
if and only if «df = — idf, that is, if and only if, the differential 
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af is pure (of bidegree (1,0) cf. § 5.2). A linear differential form « on S is 
said to be a holomorphic differential if, in each coordinate neighborhood U 
it is the differential of a holomorphic function in U. A linear differential 
form « is locally exact, if and only if, dv = 0. Locally, then « = df and in 
order that f be holomorphic «df = — idf or *« = — 1a. A differential 
form satisfying this latter condition is said to be pure. Hence, a knear 
differential form of class 1 ts holomorphic on S, tf and only if it ts closed 
and pure (cf. § 5.4). We remark that if « is holomorphic, it is a harmonic 
form. This is clear from the previous statement. 

The formal change of variables z = x + ty, 3 = x — ty and the 
resulting equations *dz = — idz, *dz% = 1d% clarify the nature of 
pureness: « is pure, if and only if, it is expressible in terms of dz only. 

A differential form of class 1 will be called a regular differential form. 
Now, the regular harmonic forms on a compact Riemann surface S$ 
form a group H(S) under addition. It can be shown that if « is a closed 
linear differential form on S, then there is a unique harmonic 1-form 
homologous to «, that is H(.S) is isomorphic to the de Rham cohomology 
group DS). This is Hodge’s theorem for a compact Riemann surface. 
The proof is based on a decomposition of a into a sum of two forms, 
one of which is exact and the other harmonic. (More generally, a 1-form 
on a Riemannian manifold may be decomposed into a sum of an exact 
form, a form which may be expressed as *df for some f and a harmonic 
form (cf. § 2.7). This is the decomposition theorem applied to 1-forms). 
The de Rham isomorphism theorem together with the Hodge theorem 
for compact Riemann surfaces implies that the first betti number of a 
compact Riemann surface is equal to the number of linearly independent 
harmonic 1-forms on the surface. 


2.7. The star isomorphism 


The geometry of a Riemann surface is conformal geometry. As a 
possible generalization of the results of the previous section, one might 
consider more general surfaces, for example, the closed surfaces of 
§ 1.1, the geometry being Riemannian geometry. One might even go 
further and consider as a replacement for the Riemann surface an 
n-dimensional Riemannian manifold. To begin with, consider the 
Euclidean space E” and let (u!, --., uw”) be rectangular cartesian coor- 
dinates of a point. Let f be a function defined in EZ” which is a potential 
function in some region of the space. In the language of vector analysis, 


div grad f = 0, (2.7.1) 
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where grad f is the vector field with the components 0f/éu' relative 
to the given coordinate system and — div grad f is the scalar 


arf ay 
aut Gynt 
Now, in a Riemannian manifold M, the equation 


Of Of 
- = a 
au age ou™* ei?) 


may hold in a given coordinate neighborhood but it does not have an 
invariant meaning over M, that is, the left hand side is not a tensor field. 
A generalization of the concept of a harmonic function is immediately 
suggested, namely, instead of ordinary (partial) differentiation employ 
covariant differentiation. Hence, grad f is the covariant vector field D,f 
and the divergence of this vector field is the scalar — 4f defined by 


— Af = g*D, Df (2.7.3) 


where g,, is the metric tensor field of M and covariant derivatives are 
taken with respect to the connection canonically defined by the metric. 
It follows that 


ee ee eee ag 
— Af = So (Wee D,f) (2.7.4) 


or, alternatively 3 
— of =e" (9 — 2 a), (2.7.5) 


Hence, Laplace’s equation Af = 0 is a tensor equation and reduces to 
(2.7.2) in a Euclidean space in which the ut (¢ = 1, ..., 2) are rectangular 
cartesian coordinates. 
Equation (2.7.4), namely, the condition that the function f be a 
harmonic function is the condition that the (2 — 1)-form 
Bg DS esis na, ye A we A dutn (2.7.6) 
be closed where ¢,, .;, 18 the skew-symmetric tensor 8h V6 
and G = det (g;;). The discussion of §2.6 together with the ‘inter- 
pretation’ of a harmonic function as a certain closed (n — 1)-form 
suggests the introduction of an operator (defined in terms of the metric) 
which associates to a p-form « an (nm — p)-form *a defined as follows: 


Let 
dui A... A dubs. (2.7.7) 


m= Oty) 
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Then . 
xa = a* dus \ A duno (2.7.8) 


(yesdnay 


where 


* —_ 
a’. ; —€E,. Ap . 
Dye Inmp (yeti Inp 


qitieety), (2.7.9) 
In the last sum, only the terms corresponding to the values of 2), -*-,é 
which are different from j,, -*-,j,-) can be non-zero. The form ¥*« is 
called the adjoint of the form «. That the form (2.7.6) is the adjoint of 
the form df = (2f/@u*) du’ is an easy exercise. The adjoint of the (constant) 
function | (considered as a form of degree 0) is the volume element 
alse, dw A... A dui =VG du A... A dur. (2.7.10) 
The adjoint of any function, considered as a 0-form, is its product with 
the volume element. 
If A and B are vectors in E* with the natural orientation, and the 
* operation is defined in terms of the natural Riemannian structure of E°, 
then * (A A B) is usually called the vector product of 4 and B. In E?, 
the « operator applied to vectors is essentially the operation of a rotation 
through 7/2 radians. 
As in § 2.6 the operator x has the properties: 


(i) *(a + B) = xa + *B, *(fa) = f(x), 

(ii) *ka = &(kax) = (— 1)?" +P a, 

(ili) «a A *B = B A xa, 

(iv) « A xa = 0, if and only if, « = 0 where « and 8 are forms of 
degree p and f is a 0-form (function). 


Let 
a=a, durin... A dus, 
peel 
and 
p= bisa) Ae Aw. A dus; 
then 
a A *B = altiety) b «1, (2.7.11) 


(tpevdy) 


The proof of property (ii) and (2.7.11) follows by choosing an ortho- 
normal coordinate system at a point. Hence, the relation between « 
and xa is symmetrical, save perhaps for sign. 

We define the (global) scalar product (a, 8) of « and £ as the (real) 
number 


(a, 8) = | fe (2.7.12) 
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whenever the integral converges as will always be the case in the sequel. 
(It is assumed that M is orientable and that an orientation of M has been 
chosen). The scalar product evidently has the properties: 


(i) («, «) 2 0 and is equal to zero, if and only if « = 0, 
(ii) (, B) = (B, 4), 
(iii) (a, By + Bo) = (a B) + (a, Be), (a + M%, B) = (a, B) + (a, B), 
(iv) (+a, *B) = (a, B) 
where a, a1, %, 6, 8, and B, have the same degree. 
If (a, 8) = 0, « and 8 are said to be orthogonal. 


It should be remarked that the « operation is an isomorphism between 
the spaces A? (T3) and A”-*(T3) at each point P of M. 


2.8. Harmonic forms. The operators § and A 


There are several well-known examples from classical physics 
(potential theory) where relations analogous to Laplace’s equation hold. 
The electrical potential due to a system of charges or the vector potential 
due to a system of currents is not uniquely determined. To the former 
an arbitrary constant may be added and to the latter an arbitrary vector 
with vanishing curl. In defining electrical potential we begin with a 
vector field FE representing the electrical intensity which satisfies the 
equation curl E = 0. This is the condition that the electric field be 
conservative. A function f is then defined as follows: 


P 
fP) =] Ba (2.8.1) 


where r denotes the position vector of a point in £% and the - denotes 
the inner product of vectors in £%. It follows that E = grad f and f 
is determined to within an additive constant. 

In defining the vector potential, on the other hand, we begin with 
the magnetic induction B which satisfies the equation div B = 0. As it 
turns out, this is a sufficient condition for the existence of a vector 
field A (unique up to a vector field whose curl vanishes) satisfying 
B = curl A. 

We now re-write the above equations as tensor equations in E3. We 
may distinguish between covariant and contravariant tensor fields 
provided the coordinate system is not Euclidean. Let E, denote the 
components of the covariant vector field E and B* the components of 
the contravariant vector field B. Then, 


D, E, — D,E; =0 (2.8.2) 
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and 
E, = Dif, (2.8.3) 
locally. 
Moreover, 
D, Bi =0 (2.8.4) 
and 
B,; = D, A; — D; A; (2.8.5) 


where the skew-symmetric tensor field 
Biz = ij, Be. (2.8.6) 


In the language of differential forms, if we denote by 7 and a the 
l-forms defined by E and A and by 8 the 2-form defined by the 
bivector B,,, then the equations (2.8.2) - (2.8.5) become 


dy = 0, 
n = df (locally), 
dp = 0, 


— B = da (locally). 


We note that 8 = *8 where f is the 1-form corresponding to the 
covariant vector field g,,B/ where g,, is the metric tensor of E%, 

Now, the theorems of classical potential theory, namely, (a) if 7 is 
closed, then 7 is exact and (b) if B is closed, then f is exact are not 
necessarily true in an arbitrary 3-dimensional differentiable manifold 
since the first and second betti numbers may not vanish (cf. § 2.4). 

We digress for a moment and consider a Riemannian manifold of 
dimension 2. To a p-form « on M we associate a (p — 1)-form 8a 
defined in terms of the operators d and »: 


ba = (— 1)??+441 xd ¥a, (2.8.7) 


The form 8a is called the co-differential of « and has the properties: 
(i) 8(a + B) = da + 88, 
(ii) 58a = 0, 
(iii) *8a = (— 1)? dxa, eda = (— 1)P*) 8 #a. 
The form « is said to be co-closed if its co-differential is zero. This is 
equivalent to the statement that its adjoint is closed. If « = 88 we say 


that « cobounds B and that « is co-exact: 
It should be remarked that in contrast with the differential operator d, 
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the co-differential operator 6 involves the metric structure of M in an 
essential way. 

A form « is said to be harmonic (or a harmonic field) if it is closed and 
co-closed. This is the definition given by Hodge. K. Kodaira [46], on 
the other hand calls a form « harmonic if 4a = 0 where 4 is the 
(Laplace-Beltrami) operator dS + 8d. It is evident that the harmonic 
forms of a given degree form a linear space. However, since the operator 
A is not, in general, a derivation, they do not form an algebra. 

If w is the form of degree | in E£° associated with the vector V, then 
the forms dé« and Sd« are associated with the vectors grad div V and 
curl curl V and hence the form 4a is associated with the vector field 
V2? V =grad div V — curl curl V. Now, in the above example, at any 
point of £3 where there is no current, the vector potential 4 satisfies 
the equation curl curl A = 0. Regarding the vector field Z, the 1-form 
associated with it is harmonic, and so from the equation (2.8.1) we 
conclude that the potential difference between two points in an electrical 
field is given by the integral of the harmonic form 7 along ‘any’ path 
connecting the points. Moreover, the integral f.A - dr of the vector 
potential in the magnetic field round a bounding cycle I" is equal to 
the integral of the 2-form f over ‘any’ 2-chain C with I” = @C, that is, 


fo =) d=] (2.8.8) 


In§2.10 we shall sketch a proof of the statement that there are harmonic 
p-forms (0 <p <n) on an n-dimensional Riemannian mantfold M with 
the property that the integral 

Jo. 


has arbitrarily prescribed periods on b,(M) independent p-cycles of M. 
This generalizes the above results for the forms y and 8. 
2.9. Orthogonality relations 
We shall assume in the remaining sections of this chapter that the 


Riemannian manifold M is compact and orientable. Let « and 8 be 
forms of degree p and p + |, respectively. Then, by Stokes’ theorem 


[dla A *B) = 0, (2.9.1) 
M 
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from which 
{ da \ xB =(— 1) J a A dkB. (2.9.2) 
M M 


By (2.8.7), this may also be written as 


(do, B) = (a, 88). (2.9.3) 


Two linear operators A and 4’ are said to be dual if (Aa, 8) = (a, A’B) 
for every pair of forms « and f for which both sides of the relation are 
defined. Thus, the operators d and 6 are dual. 

In the same way, we see that, if 8 is of degree p — 1, then 


(a, dB) = (82, 6). (2.9.4) 


Hence, in order that « be closed, it is necessary and sufficient that it be 
orthogonal to all co-exact forms of degree p. 

The condition is indeed necessary; for, if da = 0, then (a, 68) =0 
for any (p + 1)-form 8. Suppose that « is orthogonal to all co-exact 
forms of degree p. Then, («, ddx) = 0, and so (da, dx) = 0. Hence, 
from property (i), p. 71, it follows that da = 0. 

In order that a form be co-closed, it is necessary and sufficient that tt be 
orthogonal to all exact forms. It follows that if a and B are two p-forms, 
« being exact and f co-exact, then (a, 8) = 0. 

We now show that in a compact Riemannian mantfold the definitions 
of a harmonic form given by Hodge and Kodaira are equivalent. Assume 
that a is a harmonic form in the sense of Kodaira. Then, 


0 = (da, «) = (dda, «) + (Sda, «) = (da, do) + (8x, 8a). 


Hence, since (da, dx) 2 0 and (da, dx) 2 0, it follows that dx = 0 and 
da = 0. The converse is trivial. 

In particular, @ harmonic function in a compact Riemannian manifold ts 
necessarily a constant. 

We have seen that a harmonic form on a compact manifold is closed. 
This statement is false if the manifold is not compact. For, a closed form 
of degree Q is a constant while in £” there certainly exist non-constant 
harmonic functions. 

The differential forms of degree p form a linear space A?(T*) over R. 
Denote by A®(7T*), A3(T*) and AZ(T*) the subspaces of A?(T*) 
consisting of those forms which are exact, co-exact and harmonic, 
respectively. Evidently, these subspaces are orthogonal in pairs, that is 
forms belonging to distinct subspaces are orthogonal. A p-form 
orthogonal to the three subspaces is necessarily zero (cf. § 2.10). In other 
words, the subspaces /A\2(T*), A3(T*) and A(7T*) form a complete 
system in /\*(T*). (We have previously written A?(7*) for A2(T*)). 
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2.10. Decomposition theorem for compact Riemannian manifolds 


Let 8 be a p-form on a compact, orientable Riemannian manifold M. 
If there is a p-form a such that da = 8, then, for a harmonic form y, 


(8, y) = (4, y= (a, Ay) = 0. 


Therefore, in order that there exist a form « (of class 2) with the 
property that da = 8, it is necessary that 8 be orthogonal to the sub- 
space A%(7*). This condition is also sufficient, the proof being given 
in Appendix C. The original proof given by Hodge in [39] depends 
largely on the Fredholm theory of integral equations. 

The dimension of A%(7*) being finite (cf. Appendix C) we can find 
an orthonormal basis {9, ..., ¢,} for the harmonic forms of degree p: 


(vi i) = 5. 


Any other harmonic p-form may then be expressed as a linear com- 
bination of these basis forms. Let « be any p-form. ‘The form 


h 
on = >) (0 pei 
i=1 


is harmonic and « — ay is orthogonal to A%(7*). In fact, 


(x — op, Y) = (a, pj) — (mH, 3) 


hh 


= (05 #3) = (3 (a Pepe) 


= (a, p)) — 2 (a, :) (pi, @)) = 0. 


It follows that there exists a form y such that dy = « — ay. If we set 
ag = ddy and a, = ddy, we obtain a; + a, = « — ay, that is 


x S Xy $ Hy + OY 


where a, © A3(T*), a3 € AZ(T*) and ay € A¥,(T*). That this decom- 
position is unique may be seen as follows: Let a = aj + a; + ay 
where ag € A®(T*), a, € A3(T*) and ay ¢ A®(T*) be another decom- 
position of «. 
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Then, 
(%@ — a4) + (a — 94) + (a — a4) = 0 


and therefore, by the completeness of the system of subspaces A4(T*), 
AR(T*) and A®(T*) in AP(T*), ag = eg, %3 = Oy %y = ay. We have 
proved: 

A regular form « of degree p may be uniquely decomposed into the sum 


a = ay + a4 + ay 


where ag € AR(T*), a, € AS(T*) and ay €¢ AR(T*). 
This is the Hodge-de Rham decomposition theorem [39]. 


2.11. Fundamental theorem 


At this stage it is appropriate to state the existence theorems of de 
Rham [65]—the proofs of which appear in Appendix A. 

(R,) Let {15} (¢ = 1, ++, b,(M)) be @ base for the (rational) p-cycles 
of a compact differentiable manifold M and wi, (t = 1, °-,b,(M)) be b, 
arbitrary real constants. Then, there exists a regular, closed p-form « on 
M having the wi, as periods, that is 


i a=w (@=1,..,b,). 


(R,) A closed form having zero periods is an exact form. 

We now establish the existence theorem due to Hodge which is at 
the very foundation of the subject matter of curvature and homology. 

There exists a unique harmonic form a of degree p having arbitrarily 
assigned periods on b, independent p-cycles of a compact and orientable 
Riemannian manifold. 

Indeed, let a be a closed p-form having the given periods. The 
existence of a is assured by the first of de Rham’s theorems. By the 
decomposition theorem a = ag + ay. (Since a is closed, «, is zero and 
consequently a is orthogonal to A3(7*)). Since a, ¢ A%(T*) its periods 
are zero. Hence the periods of «ay are those of a. The uniqueness 
follows from (R,) since a harmonic form whose periods vanish is the 
zero form. 

Let M be a compact and orientable Riemannian manifold. Then, the 
number of linearly independent real harmonic forms of degrec p 1s equal to the 
p' betti number of M. 

For, let g, denote the harmonic p-form whose periods are zero except 
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for the z** which is equal to 1, that is, if {175} (¢ = 1, ---, 6,(M)) is a base 
for the rational p-cycles of M, then 


ie pas UPS tek h), 


The existence of the g;, is assured by the above theorem. The 9, (¢ = 
1, .... by) clearly form a basis for the harmonic forms of degree p and the 
fundamental theorem is proved. 
Although not explicitly mentioned it should be emphasized that the 
existence theorems of de Rham are valid only for orientable manifolds. 
The theorem (R,) may be deduced from (R,) and the decomposition 
theorem of § 2.10. 


2.12. Explicit expressions for d, 6, and A 


In the sequel, unless written otherwise, a p-form a will have the 
following equivalent representations: 


cas i Bests du A... A dus =a 


a aus Loss A du's 


(iy. 
in the local coordinates u}, ---, uw”. We proceed to obtain formulae for 


the operators d, 5, and 4 in a Riemannian manifold—the details of the 
computations being left as an exercise. In the first place, 


O0y,...i5 P. 
ae Figg Sul ~% eee ihptreety to th (2.12.1) 


If we write (cf. (1.4.11)) 


da = (da), os 4) ae Aww A duton 


then 
_ giliyeedy) 
(da), si, roa ia weet od re (2.12.2) 
a gilaedy) 04(5,...49) 
~~ Byeeetogy ou! 
and 


8a = (34). a) duh A... A dutra 
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where 


(8a), ay = (Nr adea), (2123) 


(yep) 
Then, the Laplace-Beltrami operator 


4=4d5+4 8d 
is given by 


D 
(da), 4, = 8D Dw ape Fe bp ablpsyenty ty (2.12.4) 


Pp. D 


CF] 
a, R' 
a 4> 2 Tet ing pet atigg pets —  totg 


o=1 p=1 
where 


R’n =a". R nit 


In an Euclidean space, the curvature tensor vanishes, and so if the 
ul, ---,u™ are rectangular coordinates, g‘/ = 67 and 


@a,.... 


(4a); a, em > = re 


i=] 


On the other hand, in a Riemannian manifold M, if we apply 4 toa 
function f defined over M, we obtain Beltrami’s differential operator 
of the second kind: 


Af = — gD, Dif 


(cf. formula (2.7.3)). The operator 4 is therefore the usual Laplacian. 


EXERCISES 


A. The star operator 


The following seven exercises give rise to an alternate definition of the Hodge 
star operator, 


1. Let V be an n-dimensional vector space over R with an inner product 9: 
Vx VR Iau, A... A vp and 8 =w, A... A w, are two decomposable 
p-vectors, let <a, > = det (p(v,, w,)). Prove that this pairing defines an inner 
product on A*(V), 
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2. Let M be an n-dimensional Riemannian manifold with metric tensor g. 
In terms of a system of local coordinates (w‘), let a= ag, dult Aw. A duls 
and B = 8). ) du't A ... A du's be two (anti-symmetrized) p-forms in A7(V), 
P being in the given coordinate neighborhood. Show that 


<a, B> = Qliy. ty) BGs. tp) ghth(P) ... gfr/o(P) 


where the inner product ¢ is defined by g. 
3. Let V? = V ®... & V (p times) and define 42: V2 — V® by 


AP(v, & «1 QVp) = ty sgn (0) Vo) ©.» @ gig) 5 


the summation being taken over all permutations of the set (1, -*+,p). Define 
the map 


7: A?(V) > A{V?) 
by 


AB A we A Up) = AP(¥, & ... @ Up); 
7 is an isomorphism. Furthermore, if we extend ¢ to an inner product on V? by 
CYB o @ Up, Wy @ +1 @ Mp) = (UW) Ups Wy), 
then p! <o,B> = <n(a), 0(8)>- 


We have used the notation 9(v,w) = <v,w), v,w € V. (The correspondence 
between we V and w* e V* given by the condition 


<u,w*)> = oo(vw) Voe V 
defines an isomorphism between V and V*.) 
4. Show that (A7(V))* = A2(V*) under the pairing 
Ku, A. At, OF A a. A we) = det (<u, w*>). 
5. If the manifold M is oriented, there is a unique n-form e* in A"(V}), 


PeM such that <e*,e*> = 1 where e* is positive with respect to the 
orientation. (Note that the metric tensor g defines an inner product on V#). 


6. Define A: A?(Vp)—> A"-*(V3) by 
Coy A we A Ung Wy A oe A Wp)> = CO, Ao AN Wp AV A oe A Upneps O*> 
and let a =a('---49)(0/Ou4) A ... A (8/@u‘e) be an element of A?(Vp), where 
the coefficients are anti-symmetrized. Then, 
A(x) = by. igap) A eee AN duin-?, 
where 


Bs calyay HVE PMB, oy 


Tisrdany 


and G = det(g,;). 


vda—p? 
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7. Define the map p: A?(V*) + A"-9(V*) by p =A-y, wherey: A?(V*) 
— /”(V) is the natural identification map determined by the inner product 
in A?(V*). Then, » is the star operation of Hodge. 
8. Let V be a vector space (over R) with the properties: 

(i) V is the direct sum of subspaces V? where p runs through non-negative 
integers and 

(ii) V has a coboundary operator that is an endomorphism d of V such that 
d,V? C V+! with d,.,d, =0 where d, denotes the restriction of d to V?. 
The vector space 
kernel d, 


“V) = ——_2 
ae) image d,_, 


is called the p” cohomology vector space (or group) of V. A theory based on V 
together with the operator d is usually called a cohomology theory or d-cohomology 
theory when emphasis on the coboundary operator is required. We have seen 
that the Grassman algebra /\(T*) with the exterior differential operator d gives 
rise to the de Rham cohomology theory. On the other hand, a cohomology 
theory is defined by the pair (/A\(7*),5) on a Riemannian manifold by setting 
A-? = A?, p =0,1,2, ---. Prove that the * operator induces an isomorphism 
between the two cohomology theories. 


B. The operators H and G on a compact manifold 


1. Show that for any « € A?(T*) there exists a unique p-form H[a] in AR(T*) 
with the property («,8) = (H[a],8) for all Be A®(T*). 

2. Prove that H[H[a]] = A[«] for any p-form «. 

3. For a given p-form a there exists a p-form § satisfying the differential 
equation 48 = « — H[a]. Show that any two solutions differ by a harmonic 
p-form and thereby establish the existence of a unique solution orthogonal to 
/A},(T*). Denote this solution by Ga and show that it is characterized by the 


conditions 
a=4AGa+H[a«) and (Ga,p)=0 


for any B e A3{T*). 
The operator G is called the Green’s operator. 


4, Prove that H[Ga] vanishes for any p-form «. 
5. Prove: 


(a) The operators H and G commute with d, 5, 4 and *; 
(b) G is self-dual, that is 


(Go.,B) = («,GB) 
for any a, B of degree p; 
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(c) G is hermttian positive, that is 
(Ga,x) = 0, 


equality holding, if and only if, « is harmonic. 


C. The second existence theorem of de Rham 


1. Establish the theorem (R,) of §2.11 from the decomposition theorem of 
§ 2.10. 


CHAPTER Ili 


CURVATURE AND HOMOLOGY 
OF RIEMANNIAN MANIFOLDS 


The explicit expression in terms of local coordinates of the Laplace- 
Beltrami operator 4 (cf. §2.12) involves the Riemannian curvature 
tensor in an essential way. It is natural to expect then that the curvature 
properties of a Riemannian manifold M will affect its homology structure 
provided we assume that M is compact and orientable. It will be seen 
that the existence or rather non-existence of harmonic forms of degree p 
depends largely on the signature of a certain quadratic form defined 
in terms of the curvature tensor. Hence, by Hodge’s theorem (cf. § 2.11), 
if there are no harmonic p-forms, the p'* betti number of the manifold 
vanishes. 


3.1. Some contributions of S. Bochner 


If M is a covering manifold of M which is also compact 
b(M) <b,(M), O<p<n (3.1.1) 


where x = dim M. 

This may be seen as follows: If « is a p-form defined on M, then it 
has a periodic extension & onto M, that is &(y P) = a(P) for each element 
y in the fundamental group of M and each point P « M where Pe M 
lies over P. More simply, if 7: M-» M is the projection map, then, 
& = 2*(a). Moreover, non-homologous p-forms on M have non- 
homologous periodic extensions. 

Suppose that M is a manifold of positive constant curvature. Then, 
it can be shown that its universal covering space M is the ordinary 
sphere. Hence 6,(M) vanishes for all p (0 <p <2) and consequently 
from (3.1.1), 5,(M)=0 (0<p<). These spaces are of interest 
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since they provide a source of examples of topological manifolds. They 
are perhaps the simplest and geometrically the most important 
Riemannian manifolds. However, constancy of curvature is a very 
specialized requirement. If, on the contrary, the sectional curvatures 
are not equal but rather vary within certain definite limits, that is, if the 
manifold is 6-pinched, the betti numbers of the sphere are retained [/]. 
On the other hand, one of the many applications of the theory of harmonic 
integrals to global differential geometry made by S. Bochner is to 
describe families of Riemannian manifolds which from a topological 
standpoint are homology spheres. For example, a Riemannian manifold 
of constant curvature is conformally flat (cf. § 3.9). However, the converse 
is not true. In any case, the betti numbers 4, (0 <p <2) of a con- 
formally flat, compact, orientable Riemannian manifold vanish provided 
the Ricci curvature is positive definite, that is, the manifold is a homology 
sphere [6, 5/]. In fact, the same conclusion holds even for deviations 
from conformal flatness provided the deviation is but a fraction of the 
Ricci (scalar) curvature [6, 74]. 

In the sequel, by a homology sphere we shall mean a homology sphere 
over the real numbers. 

We recall that on a Riemann surface the harmonic differentials are 
invariant under conformal changes of coordinates. Consider the Riemann 
surface S of the algebraic function defined by the algebraic equation 


R(z, w) = 0. 


The surface is closed and orientable and the (local) geometry is con- 
formal geometry. In fact, in the neighborhood of a ‘place’ P on S for 
which z = a let (u, v) be the local coordinates. Then, 


z—a=(u + iv) 


if the place is the origin of a branch of order m. If 2 is infinite at the 
place,  — a@ is replaced by 27-4. Any other local coordinate system 
(a, G) at P must have the property that % + 70 is a holomorphic function 
of the complex variable u + iv which is simple in the neighborhood 
of the place. The local coordinates (u, v) and (a, 3) at P are therefore 
related by analytic functions 


ai = i(u,v), 0 = O(u,v), 


that is as functions of u and v, w@ and @ satisfy the Cauchy-Riemann 
equations. We conclude that 


di? + dé? = pXdu2 + dv®) 


for some (real) analytic function p. In this way, a geometry is defined 
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on S in which distance plays no role but angle may be defined, that is 
angle is invariant under a conformal change of coordinates. After 
performing a birational transformation of the equation R(z,w) = 0 a 
new algebraic equation is obtained. The Riemann surface S’ of the 
algebraic function thus obtained is homeomorphic to S. Let f: S— S$’ 
denote the homeomorphism and (u, v), (u’,v’) the local coordinates 
at Pe S and P’ = f(P) « S’, respectively. The functions 


uo = u'(u,v), vo = v'(u,v) 


are then analytic, that is f is a holomorphic homeomorphism. It follows 
that ; 

du’® +. du’® = o%(du* + dv*) 
where o is an analytic function of u and v, that is the homeomorphism 
is a conformal map of S onto S’. 

Conversely, functions whose Riemann surfaces are conformally 
homeomorphic are birationally equivalent. Their Riemann surfaces 
are then said to be equivalent. 

A 2-dimensional Riemannian manifold and a Riemann surface are 
both topological 2-manifolds. As differentiable manifolds however, 
they differ in their differentiable structures—the former allowing 
systems of local parameters related by functions with non-vanishing 
Jacobian whereas in the latter case only those systems of local para- 
meters which are conformally related are permissible. Clearly then, 
they differ in their local geometries—the former being Riemannian 
geometry whereas the latter is conformal geometry. To construct a 
Riemann surface from a given 2-dimensional Riemannian manifold M 
we need only restrict the systems of local coordinates so that in the 
overlap of two coordinate neighborhoods the coordinates are related 
by analytic functions defining a conformal transformation. That such a 
covering of M exists follows from the possibility of introducing isothermal 
parameters on M. The manifold is then said to possess a complex 
(analytic) structure. We conclude that conformally homeomorphic 
2-dimensional Riemannian manifolds define equivalent Riemann surfaces. 
The concept of a complex structure on an (= 2m)-dimensional 
topological manifold will be discussed in Chapter V. 

Two n-dimensional Riemannian manifolds M and M’ of class k are 
said to be isometric if there is a differentiable homeomorphism f (of 
class k) from M onto M’ which maps one element of arc into the other. 
It can be shown that a simply connected, complete Riemannian manifold 
of constant curvature K is isometric with either Euclidean space (K = 0), 
hyperbolic space (K <0), or spherical space (K > 0). Hence, the 
universal covering manifold of a complete Riemannian manifold of 
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constant curvature K is Euclidean space (K = 0), hyperbolic space 
(K <0), or spherical space (K > 0). 

Suppose M and M’ are not isometric but rather that the map / defines 
a homecmorphism which reproduces the metric except for a scalar 
factor. We then say that M and M’ are conformally homeomorphic. 

A Riemannian manifold of constant curvature is called a space form. 
The problem of determining the space forms becomes by virtue of the 
above remarks a problem in the determination of (discontinuous) groups 
of motions. A space form may then be regarded as a homogeneous space 
G/H where G is the group of motions and A the isotropy subgroup 
leaving a point fixed. It is therefore not surprising that the curvature 
properties of a compact Riemannian mantfold determine to some extent the 
structure of its group of motions. In fact, it is shown that the existence or 
rather non-existence of l-parameter groups of motions as well as 
l-parameter groups of conformal transformations is dependent upon 
the Ricci curvature of the manifold [4]. On the other hand, the existence 
of a globally defined 1-parameter group of non-isometric conformal 
transformations of a compact homogeneous Riemannian manifold is a 
sufficient condition for it to be a homology sphere. Indeed, it is then 
isometric with a sphere [79]. 


3.2. Curvature and betti numbers 


At this point, it is convenient to employ the symbol denoting a form 
in the coefficients of the form as well. 

Let « be a harmonic 1-form of class 2 defined on a compact, orientable 
Riemannian manifold M and consider the integral 


(de, «) = da /\ xx (3.2.1) 
M 
over M. Since « is a harmonic form, 4« vanishes, and so 


i do xe =0. (3.2.2) 
M 


The expression of the integrand in local coordinates is given by 
Aa A ka = (— gi® dD, D; a, + Rija;) € 944° nay aS dul A du A... A dia 
= (— at pik dD, dD, a; + Ry at a) *] (3.2.3) 
by virtue of the formulae (2.7.8), (2.7.9), and (2.12.4). 


Lemma 3.2.1. For a regular I-form « on a compact and ortentable 
Riemannian manifold M 


jes datl ss | Sa A #1 =0. (3.2.4) 
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For, 
[8a A #1 = (8, 1) 
M 
= (a, dl) 
= (a, 0) =0. 
In the sequel, we employ the notation <t, t’) to mean the (local) 


scalar product of the tensors ¢ and t’ of type (0, s) in case ¢ and t’ are 
simultaneously symmetric or skew-symmetric, that is 


tt) = te ay Bert? 


If ¢ and t’ are skew-symmetric tensors, <t, t’) = <a, «> where « and 
«’ denote the corresponding s-forms (cf. II.A.2). From (2.7.11) 


(ao) =] <a,a’> 1. 
M 
Now, consider the integral 
[gh Dy Dy(ot cx) #1 
M 
whose value is zero by (3.2.4). Indeed, if we put B = d(a*a,), 
J gD, Dyata) +1 =] gD Byxl =— Jf dBe1 =0. 
M M M 
Then, 
O=[ gD, Data) 1 = |g Dy(a, Dy a! + af Dy a4) *1 
M M 
= | g(a, D, Dye! + D; at D, as - D, att D; a + at dD, D,; a,) *] 
M 
— 2] (at git dD, D; a; + D; a; Di at) *] 

M 

where we have put 
Di = g* D,. 
Hence, : 
— fat g Dy Dyas #1 = | Dy oy Dio #1, 
M M 


and so if a is a harmonic 1|-form (3.2.2) becomes 


[Ru af + Dyay Di at) *1 = 0, (3.2.5) 
M 
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Denote by Q the operator on 1-forms defined by 
(Qa), = Rie; 
and assume that the quadratic form 
(Oona) (3.2.6) 


is positive definite. Since the second term in the integrand of (3.2.5) is 
non-negative we conclude that 


Qa, =0 


from which a= 0. Since a is an arbitrary harmonic 1-form we 
have proved 


Theorem 3.2.1. The first betti number of a compact and orientable 
Riemannian mantfold of positive definite Ricci curvature 1s zero [4, 62]. 


If we assume only that (Qa, «> is non-negative, then from (3.2.5) 
Qa, «> as well as Dix‘D,x, must vanish. It follows that Dia‘ vanishes, 
that is the tangent vectors 


A(t) = a(t) 2 


are parallel along any parametrized curve ut = ui(t), t= 1, +, 2. 
A vector field with this property is called a parallel vector field. 


Theorem 3.2.2. In a compact and orientable Riemannian manifold a 
harmonic vector field for which the quadratic form (3.2.6) is positive semi- 
definite is necessarily a parallel vector field [4]. 


Theorem 3.2.3. Ina coordinate neighborhood of a compact and orientable 
Riemannian manifold with the local coordinates u\, ---, u”, a necessary and 
sufficient condition that the 1-form a = a,du* be a harmonic form ts given by 


R’ 0; = pik D, D; a, = 0 (3.2.7) 
[73]. , 
Clearly, if «is harmonic, (3.2.7) holds. Conversely, if the 1-form a 
is a solution of equation (3.2.7) then, by (3.2.3), da A *« = 0. Hence, 
0 = (4a, «) = (da, dx) + (8a, 5a), 


from which da = 0 and da = 0. 


88 III. RIEMANNIAN MANIFOLDS: CURVATURE, HOMOLOGY 
We now seek a result anslonous to theorem 3.2.1 for b, (0 <p <n). 


To this end, let « = (1/p!)oy,.1, du A + A du'» be a harmonic form of 
degree p. Then, again 


0 = (42, a) = f Aa (A *o, 
M 
and so from (2.12.4) and (2.7.11) we obtain the integral formula 


I (- B® Dy, Dy oy... atte + pRyyalenty of, 


tgeerty 
et (3.2.8) 
++ ae Ryjgy atts att) +1 = 0. 
Now, 
O= [eh Di Ds (attra...) #1 
= |g DiDy obtin a, 4, + abtete Do.) #1 
=| g'*(Dy, Dy oft OH. ty + D; aft: ‘ty Dy 0 peeel 
M £2 
+ D,D, Me ty slp + Dy oft--te D; On, i,) ¥1 
= 2I (g*D,D; iy ig tpt Dyx;,. tpDiati--ts) «1. 
It follows that 
| (pRyyatistoat,, 4g + Bet) Rysytrtoakt 
ms (3.2.9) 
+ Dyex;,., Dia tn) *] oa 0. 
Setting 
F(a) = Ryyatte tod, + P Rijgodtisn toa, (3.2.10) 
we obtain 


Theorem 3.2.4. If on a compact and orientable Riemannian manifold 
M the quadratic form F(«) is positive definite, 


b(M)=0, O<p<z 
[6, 51, 74]. 
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Corollary. The betti numbers b, (0 < p <n) of a compact and orientable 
Riemannian manifold M of positive constant curvature vanish, that is M 
is a homology sphere. 

Indeed, since the sectional curvatures R(P, 7) are constant for all 
two-dimensional sections 7 at all points P of M the Riemannian curva- 
ture tensor is given by 


Riser = K(eix8ir — 8i8ix) (3.2.11) 


where K = const. is the common sectional curvature. Substituting 
(3.2.11) into (3.2.10) we obtain 


of wont a —1 ae 
F(a) = (n — 1)Kg,, afters oy ag as KB 5x Bix — BirBir) ste okey 


= p! (n — 1) KX, «> re a t Katia ® (O55,..8, — Maig..t,) 


= p! (n — 1) KXa, «> - pl (p — 1) KXa, «> = pl (n — p) KXa, a. 


Since K > 0 the result follows. 
If K = 0 it follows from (3.2.9) that 


D;a; 4, = 0. (3.2.12) 


Since the manifold is locally flat there is a local coordinate system 
ui, ---,u” relative to which the coefficients of affine connection {;*,} 
vanish. In these local coordinates (3.2.12) becomes 


BOis-++ty 
oy 


Thus, there are at most ({) independent harmonic p-forms over M. 


Theorem 3.2.5. The p betti number of a compact, orientable, locally 
flat Riemannian manifold i: at most the binomial coefficient (°). 


Corollary. The p" bett: number of an n-dimensional torus ts (2). 

An n-dimensional manifold M is said to be completely parallelisable 
if there exist n linearly independent differentiable vector fields at each 
point of M. 


Corollary. The torus is completely parallelisable. 
This follows from the fact that M is locally flat with respect to the 
metric canonically induced by £”. For, the torus is the quotient space 
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of E” by a subgroup of translations and is therefore locally equivalent 
to ordinary affine space where there is no distinction made between 
vectors and covectors. 

Consider the sectional curvature determined by the plane 7 defined 
by the orthonormal tangent vectors X = £(@/éu*) and Y = 7*(@/éu*) 
at P. Then, 


R(P, 7) = — Riser (PEP (P) EMP) 1'(P). (3.2.13) 


Assume that for all planes 7 at all points P of M there are constants 
K, and K, such that 


0<K,<R(P,7) < Ky (3.2.14) 
Let {X,, °°, X,} be an orthonormal frame at P where X; = &(},(6/éu!) 
(p= 1°", 9): Then, since 


t 4 k U 
— Rina ir Str Fir) Sir) = 9 
and 
et Rua Sd i Gk 
Ky S — Rin €n bis) Et Sts) S Ke, 1 FS, 


r,s = 1,2, °, ”, it follows that 


(n — 1) Ky S Rix fin in S (1 — 1) Ky 
the inequalities holding for arbitrary unit tangent vectors X,. Hence, 
for any tangent vector X = £(8/éu") 
(n — 1) Ky, & &, S Ry & & S (n — 1) Ky & (3.2.15) 


It follows from § £2 (by taking tensor products) that 


Ryy Stiri ee (n — 1) Ky fits fis (3.2.16) 


ty 


for any tensor whose components €,___,;_ are expressed in the given local 


Z 7 tp 
coordinates. In terms of the bivector 
£0 = fi ni — Ei gf, 


where X and Y are orthonormal tangent vectors, the inequalities (3.2.14) 
become by virtue of (3.2.13) 


0 < 2K, S — Rijn €" & < 2K, 


(The curvature tensor defines a symmetric linear transformation of the 
space of bivectors (cf. I.1.1). These inequalities say that it is positive 
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definite with eigenvalues between 2K, and 2K,). Unfortunately, however, 
we cannot conclude that for any two independent tangent vectors X and Y 


gag eked 
0<2K,< — Aug 52K, 


Assuming that these inequalities are valid for any skew-symmetric 
tensor field or bivector €,; we may conclude that 


Rijey S302 ge 


chit Stitt 


0<2K,< vite DK. (3.2.17) 


where €;.;, are the components of a tensor, skew-symmetric in its 
first two indices. 
Now, let a= ag, 4)dut A... A duée be a harmonic form of 
degree p. Then, by the inequalities (3.2.16) and (3.2.17) 
F(a) 2 (n — 1) Ky atte Oy ety (p — 1) Ky afi a, 


eet 


= p! [(n — 1) K, — (p — 1) KR] <a, &). 


The quadratic form F(a) is positive definite if we assume that 
(x — 1)K, > (p — 1)K,, that is 


Since 


p-—1 l n 
no 2 o<ps 5, 
F(x) is a positive definite quadratic form for 0 < p S [}] provided 


oe 2 1° 


Theorem 3.2.6. Jf the curvature tensor of a compact and orientable 
Riemannian manifold M satisfies the inequalities 


0<K,< — Rin 6 ay < 2K, 
oY oy 

for any bivector &4, then b,(M) =0,0<p <n — 1 [1/4]. 

The conclusion on the betti numbers b,(M) for p > [¥] follows by 
Poincaré duality. 

An application of this theorem is given in (IIJ.A.2). 

A sharper result in terms of the sectional curvatures is now derived 
although only partial information on the betti numbers is obtained [/]. 
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A Riemannian manifold with metric g is said to be 8-pinched if for 
any 2-dimensional section 7 


0 < 8K, SRP, 7) S Ky. 


For a suitable normalization of g, the above inequalities may be expressed 


as 
0<8<SR(P,7) <1. 


We shall assume this normalization in the sequel. 


Theorem 3.2.7. The second betti number of a 5-pinched, n-dimensional 
compact and orientable Riemannian manifold vanishes tf, either n = 2m 
and § > 4, orn =2m-+ 1 and 5 > 2(m — 1)/(8m — 5). 

The proof is based on theorem 3.2.4 (with p = 2) by obtaining 
suitable estimates for the various terms in (3.2.10). 

Let {X), «, X,} be an orthonormal frame in Tp and put 


K(X, X,) = R(P, 7) 


where = is the plane spanned by the vectors X, and X, (¢ 4/j). Then, 
by § 1.10 

K(X, Xj) = — Ray TAY 
or 

Ky = — Ruy, FAS. 

From the inequalities 

8 S K(X, aX, + 6X,) <1 
where a,b are any two real numbers, we may derive the inequalities 


a(K,, — 8) — 2abRiju. + (Ky, — 8) 20 


and 
a1 — Ky) + 2abRyjn + O°(1 — Ky) 2 0. 
Hence, 
| Rise | S (Ky — 8) (Kae — 8)]"? 
and 


| Ria | S [UL — Ky) (l — Ky]? 
from which we deduce 


1 
| Rise | S > (Ky + Ka — 28) (3.2.18) 
2 
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and 
| Riu! S52 — Ky — Kw). (3.2.19) 
Thus, 
[Ruwl S518) P#LR 


In order to obtain estimates for the R,,,; (i,j) #(R,D,t << j,k < JD 
we consider the inequalities 


8 < K(aX, + bXy, cX, + dX,) 


for any orthonormal set of vectors {X,, Xj, Xp, x} and a, b,c, de R. Put 
F(a,i; bk; el; d,j) = K(aX, + bX,, eX, + dX,) — 8. 


The function F may be considered as a polynomial in a, b, ¢ and d. 
As such it is of degree 4 but only of degree 2 in the a, 5, c, d taken 
by themselves. The polynomial 


G(a,t; 6,k; ¢,l; a,j) = 4 [F(a,t; 5,k; ¢,l; d,j) + F(a,t; — bk; ¢,1;— d,j)] 
contains only terms in a%c?, a*d?, b’c?, b’d? and abcd. Now, put 
H(a,1; bk; cl; dj) = Gla,t; bk; ¢,f; d,j) + G(— at; 8,l; ¢,J; d,R). 


By employing the identities (1.10.24) and (1.9.20) in the term involving 
abed then, by virtue of (3.2.18) and (3.2.19), the polynomial H may be 
expressed as 


H = Aa®c? + Ba®’d? + Cb*c? + Db?d? + 2Eabcd = 0 (3.2.20) 
where 
A=K,;+ K,—28, B=K,,+ Ky, — 28, 


Cake Roos, DoS Re ki 38. 
E = 35x, 
By a suitable choice for a and 6 the inequality (3.2.20) gives rise to 
AC + (AD + BC — E%)ctd® + BDd* = 0. 
Since this inequality holds for any ¢ and d 


| El S (AD) + (BC), 
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that is, 
| Rina | <3 $[(AD)? + (BC)¥"], (3.2.21) 


Another estimate is obtained from the inequalities 
K(aX,+ 6X, cX, + dX) <1 
by following a similar procedure. In fact, 


| Rin | S 4{(A'D'? + (B'C'?] (3.2.22) 
where 
A’ =2—K,;,— Ky, Bi =2—K,— Ky, 
C’=2—Ky—Ky, D'’ =2— Ky — Ky 
From (3.2.21) and (3.2.22) we deduce 
| Riser | S R2QKy + 2K + Ka + Ka + Ky + Ky — 88) 
and 
| Rina | S 48 — 2K,; — 2K,, — Ky — Ky — Ky — Ky). 
Thus, 
| Rise | = (1 Fr 5), (tJ) fF (4,1), t< 1, k < . (3.2.23) 


This estimate for the components of the curvature tensor is now 
applied to (3.2.10). Indeed, for p = 2 


F(a) = Ryol’o, + gRepyotto™, 


The right hand side may be evaluated more readily by choosing an 
orthonormal basis {X,, X,+},5= 1, :--,m such that only those components 
of « of the form a,,. are different from zero. (The existence of such a 
basis is a - andard fact in linear algebra.) Hence, 


2F(a) =} (Kei + Kyi) (a8)? + 4 FY) Rage treat *att”, 


t#8,8* gat 


Consequently, since K,, = 6, K,», 2 8 for all s and ¢ we obtain by 
virtue of (3.2.23) 


F(a) = 2(m—1)8 >) (ase)? — + (1 — 8) D) assectste 
& a<et 


| 
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for n = 2m and 


F(a) & (2m—1)8 D, (eae)? — FA — 8) sate 


for n = 2m + |. Finally, from 


Y an) = Gay lew)? + (re) 


m 
we obtain 
Fa) 2D [28 («,,¢ y—fa 28) wea dye 28 (,)*| 
s<t 
for n = 2m and 
2m — 1 
F(a) = 2G L 8 (ayo)? — $1 —8) aye aye +" 8 (ap) 


for n = 2m + 1 from which for n = 2m and 6 > 4 or n = 2m + 1 
and 6 > 2(m — 1)/(8m — 5) 


2F(a) > D) (ase — aye)® 2 0. 


s<t 


This completes the proof. 
The following statement is immediately clear from theorem 3.2.1 
and Poincaré duality: 


Corollary. A 5-dimenstonal 5-pinched compact and orientable Riemannian 
mantfold is a homology sphere for 5 > 2/11. 

The even dimensional case of the theorem should be compared with 
theorem 6.4.1. 


3.3. Derivations in a graded algebra 


The tensor algebra of contravariant (covariant) tensors and the 
Grassman algebra of differential forms are examples of a type of algebraic 
structure known as a graded algebra. A graded algebra A over a field K 
is defined by prescribing a set of vector spaces A? (p = 0, 1, :*) over K 
such that the vector space A is the direct sum of the spaces A?; further- 
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more, the product of an element of A? and one of A? is an element 
of A?+?, and this product is required to be associative. 

The tensor product A © B of the underlying spaces of the graded 
algebras A and B can be made into a graded algebra by defining a suitable 
multiplication and graduation in 4 @ B. 

The exterior differential operator d is an anti-derivation in the ring 
of exterior differential polynomials, that is for a p-form a and g-form f: 


d(x A B) = da \B +4 A dB (3.3.1) 


where & = (— 1)?a«. For an element a of A? the involutive auto- 
morphism: a —> d@ = (— 1)?a is called the bar operation. An endomor- 
phism @ of the additive structure of A is said to be of degree r if for 
each p, 6(A?) C A?t7, As an endomorphism the operator d is of 
degree + 1. An endomorphism @ of A of even degree is called a 
derivation if for any a and 6 of A 


6(ab) = (8a)b + a(6b). (3.3.2) 
It is called an anti-derivation if it is of odd degree and 
6(ab) = (8a)b + (6). (3:3;3) 


Evidently, if 6 is an anti-derivation, 60 is a derivation. If 6, and 6, are anti- 
derivations 6,6, + 6,0, is a derivation. The bracket [6,, 6,] = 0,4. — 6,6, 
of two derivations is again a derivation. Moreover, for a derivation @, 
and an anti-derivation 6, (@,, @)] is an anti-derivation. 

If the algebra A is generated by its elements of degrees 0 and I, a 
derivation or anti-derivation is completely determined if it is given in 
A® and A}, 

Let X be an infinitesimal transformation on an n-dimensional 
Riemannian manifold M. In terms of the natural bases {@/éu!, ---, 3/u"} 
and {du}, --, du”} relative to the local coordinates wu}, -:, u” write 
X = €(8/6u") and € = é,du‘, € being the covariant form of X. Now, 
for any p-form a, we define the exterior product operator e(€): 


e(Ga=EAa, pn. (3.3.4) 


Clearly, «(€) is an endomorphism of A(7*). For any (p + 1)-form 
B on M, 


e(f)a A +B = (— 1a A e(€)*B 
= (— 1PPa A «x1 €(£)xB 
= (— 1)? aw A ** e(€)*B 
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where *-! denotes the inverse of the star operator: 
ol (= [)pir-r)y 
for p-forms. We define the operator 1(.X) on p-forms as follows: 
i(X) = (— 1)"?+" & (2) x, (3.3.5) 
That i(X) is an endomorphism of A(T*) is clear. Since 
<e(E)o,B> = <a, (X)8> (3.3.6) 


we conclude that #(X) is the dual of the exterior product by € operator. 
Evidently, 7(.X) lowers the degree by one. The operator 1(X) is called 
the interior product by X. From (3.3.5) we obtain 


e€(€) — (-— iP asiae. *1(X ) x 


on forms of degree p. 


Lemma 3.3.1. For every I-form « and infinitesimal transformation X 


U(X) a = (X, a. 
From (3.3.5) 


UX) a = * &(€) xa = ¥(E A #a) = * CX, a) ¥] = CX, a). 


Lemma 3.3.2. i(X), X € T 1s an anti-derivation of the algebra \(T*). 
For, let {X,, -, X,} and {w!, -, w"} be dual bases. Then, by (1.5.1) 
and (IT.A.1) 


(Xp A we A PE a Aw. Ao = Kat Aw. Aw? at Ao. A oP) 
where «, ..., a? are any covectors in J7*. Moreover, from (1.5.1) 
(XN AX AN A Xp 8 Ave Aol Ave A o> = detliX,, a). 


Hence, for any decomposable element X, A ...\ X, ¢ A(T), if we 
apply (3.3.6) and then develop the determinant by the row i = | 


Cg Nw A Xy A oe A Xp, UX) (A oe A ot Aw A a?) 
=A. A wt Aw. Aw, (X,) (at A we A ot A we A a?) 
= Keo w? Aw Aw A. Awa Aw. Aa Aw. A a> 
=H IM Nw AXA AXp A Aw Ad Aw A o> 
Dp 
=D) (— 1X > (XA A Xp at Awe AA Aa), 


j=l 
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the circumflex over a/ indicating omission of that symbol. We conclude 
by linearity that 


(X)(ot Au. A a?) = y (—1P8 (Xow) Aw AA we Ao? 


for any X e T, and the lemma now follows easily. 

We have shown that a tangent vector field X on M defines an 
endomorphism i(.X) of the exterior algebra A(T*) of degree — ]. It is 
the unique anti-derivation with the properties: 


(i) «(.X)f = 0 for every function f on M, and 

(ii) ¢(X)a = <X, a for every X ¢ T and ae T*. 

We remark that 2(X) is an anti-derivation whose square vanishes. 
This is seen as foliows: ¢(X)i(X) is a derivation annihilating A?(T*) 
for p = 1,2. Hence, since A(7*) is a graded algebra, it is annihilated 
by «(X)(.X). 


3.4. Infinitesimal transformations 


Relative to the system of local coordinates u!, --, u” at a point P of the 
differentiable manifold M, the contravariant vectors (6/@u!)p, «+, (@/du™)p 
form a basis for the tangent space T, at P. If F denotes the algebra of 
differentiable functions on M and f « F, the scalar (éf/@u")p €(P) is the 
directional derivative of f at P along the tangent vector Xp at P whose 
components in the local coordinates (u*(P)) are given by &\P), ---, &*(P). 
We define a linear map which is again denoted by Xp from F into R: 


Xef = Xo(f) = (GE) oP). (3.4.1) 


Evidently, it has the property 


Xl fe) = Xof- @(P) + f(P)- Xvg. (3.4.2) 


In this way, a tangent vector at P may be considered as a linear map of F 
into R satisfying equation (3.4.2). 

Now, an infinitesimal transformation or vector field X is a map 
assigning to each P e M a tangent vector Xp e Tp(cf. § 1.3). If we define 
the function Xf by (Xf) (P) = Xpf for all PeM, the infinitesimal 
transformation X may be considered as a linear map of F into the algebra 
of all real-valued functions on M with the property 


X(fg) = Xf-e +f Xe. 
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The infinitesimal transformation X is said to be differentiable of class 
k — 1 if Xf is differentiable of class k — | for every f of class k = 1. 

We give a geometrical interpretation of vector fields on M in terms 
of groups of transformations of M which will prove particularly useful 
when discussing the conformal geometry of a Riemannian manifold 
as well as the local geometry of a compact semi-simple Lie group (cf. 
Chapter IV). For a more detailed treatment of the results of this section 
the reader is referred to [27, 63]. To this end, we define a (global) 
I-parameter group of differentiable transformations of M denoted by 
gp, (—«% <t <0) as follows: 


(i) m, is a differentiable transformation (cf. § 1.5) of M(—» <t <0); 

(ii) The map (t, P)—>9P) is a differentiable map from R x M 
into M; 

(iii) Psst = PsPp —~O SSE. 
The l-parameter group ¢, induces a (contravariant) vector field X on M 
defined by the equation 


(Xp) (P) = lim HE2)) IE (3.4.3) 


130 


(f: an arbitrary differentiable function) the limit being assured by 
condition (ii), Under the circumstances, the vector field X is said to be 
complete. On the other hand, a vector field X on M is not necessarily 
induced by a global l-parameter group y, of M. However, associated 
with a point P of M there is a neighborhood U of P and a constant 
« >0 such that for |¢ | < ¢ there is a (local) l-parameter group of 
transformations qg, satisfying the conditions: 

(i)’ y, is a differentiable transformation of U onto ¢(U), |t| < ¢; 

(1i)’ The map (t, P) + ¢,P) is a differentiable map from (— «, «) x U 
into U; 

(i11)’ psi (P) = o.(e{P)), Pe U provided [s|, |¢| and [s+2| 
are each less than e. 
Moreover, gy, induces the vector field X, that is equation (3.4.3) is 
satisfied for each P € U and differentiable function f. The vector field X 
is then said to generate y,. The proof is omitted. (We shall occasionally 
write o3(P, t) for p(P) (cf. III.C)). The uniqueness of the local group 9, 
is immediate. Hence the existence of a ‘flow’ in a neighborhood of P 
is equivalent to that of a ‘field of directions’ at P. 

If M is compact it may be shown that every vector field is complete 
and in our applications this will usually be the case. 
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Lemma 3.4.1. Let be a differentiable map sending M into M’' and X 
a vector field on M. Then, the vector field ~,(X) on M’ generates the 
I-parameter group { p,s"! where yp, 1s the 1-parameter group generated 
by X. 

The proof is entirely straightforward. 

A vector field X on M is said to be invariant by 4: M— M if 
p,(X) = X. Therefore, by the lemma, X is invariant by y, if and only 
if Y commutes with ¢, for every t. : 


Lemma 3.4.2. Let f be a differentiable function (of class 2) defined in a 
neighborhood of 0 ¢ R. Assume f(0) = 0. Then, there is a differentiable 
function g defined in the same neighborhood such that f(t) = tg(t) and 
(0) = f'(0) where f’ = df/dt. 

We remark that the lemma is trivial if f is analytic. The proof is 
given by setting 


att) = [fede 


The function g is of class one less than that of f in general. It is 
important that f be of class 2 at least. For, otherwise g may not be 
differentiable. To see this, let 


(2?2,¢ 20, 
Hine so. 
Then, g(t) = | t |. ~ 


Corollary. Let f be a differentiable function on U x M where U is 
a neighborhood of 0 < R and M is a differentiable manifold. If f(0, P) 
= 0 for every PeM, then there is a differentiable function g on 
U x M with the property that f(t, P) = tg(t, P) and (éf/ét) op, = g(0, P) 
for every Pe M. 

This is an immediate consequence of lemma 3.4.2. 

For any two infinitesimal transformations X and Y of M, YX is 
not in general an infinitesimal transformation. In fact, if M = E” and 
Xf = Of/éu', Yf = Of/ou®, we have YXf = *f/éu® du}. Clearly, the map 
f— (@f/ du? du!)p, (Pe€ E”) is not a tangent vector on E”. However, 
one may easily check that the map XY — YX is a vector field on M. 
We shall denote this vector field by |X, Y]. The bracket |X, Y] evidently 
satisfies the Jacobi identity 


(X,Y) 2] + [L¥,2].X] + [{2.X], ¥] =9, 


and so the (differentiable) vector fields on M form a Lie algebra over R. 
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Lemma 3.4.3. For any two infinitesimal transformations X and Y on M, 
[X,Y pf =lim LS 
t0 


for any f ¢ F where ¢, 1s the 1-parameter group generated by X. 

Associated with any f ¢ F, there is a differentiable family of functions 
g, on M such that fo, =f + tg, where gy = Xf. This follows from 
lemma 3.4.2 by putting f(t, P) = f(y P)) — f(P). Hence, if we set 
Pi = (%)» and 9,.Y = ¢,.(Y) 


(pe Y)ef = (YFe.) (pr(P)) 


= (YF) (pr (P)) + (¥en) (r(P)), 


from which 


(Y — ee Y)pf (YAp — (YA) (pe (P)) _ 
t t 


t30 


im lim (Yee) (@;*P)) 
= X-(¥f) — Vege 


= Xp(¥f) — YpXf). 


Corollary. If p, and ys, are the 1-parameter groups generated by X and Y, 
respectively, then [X, Y] = 0, if an only if p, and $, commute for every 
s and t. 


3.5. The derivation 6(X) 


We have seen that to each tangent vector field X ¢ T on a Riemannian 
manifold M there is associated an anti-derivation 1(.X) of degree — 1 
(called the interior product by X) of the exterior algebra A(T*) of 
differential forms on M. A derivation 6(X) of degree 0 of the Grassman 
algebra A(T) as well as A(T*) may be defined, and in fact, completely 
characterized for each X e€ T as follows (cf. III.B.3): 

()) {X)d = d0(2), 

(ii) OX)f = W(X)df, f ¢ A°T*), and 

(iii) O.X)Y = LX, Y]}. 

Indeed, O(X)f = 1(X)df = <X, dfy = <&(a/éu'), (of/du’) dwy = 
& (6f/éut) = Xf and 6(X)df = d6(X)f = dXf;, since A(T*) is gener- 
ated (locally) by its homogeneous elements of degrees 0 and | the 
derivation 6(X) may be extended to differential forms of any degree. 
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On the other hand, by conditions (ii) and (iii), 0.X) may be extended to 
all of A(T). In fact, 6X) may be extended to the tensor algebras of 
contravariant and covariant tensors by insisting that (for each X) it be a 
derivation of these algebras. For example, by lemma 3.4.3 


O(X)¥ = lim ¥ — 6 ¥ 
$90 t 

where gy, is the ]-parameter group generated by X. Hence, for any 

tensor t of type (p, 0) 


vet 


@(X)t = lim £2" t 
830 $ 


where 72. = Pye © © —,« (p times) is the induced map in 7}. (For 
any Xy, +", XxX ef, pee(Xy OQ @ X,) — Pse(X1) O-- @ Pse(X,))- 

Since [6(.X), 0(Y)] = 6(X) 6(Y) — 6(Y) 6(X) is a derivation, it follows 
from the Jacobi identity that the map X —> 6(X) is a representation 
of the Lie algebra of tangent vector fields. 


Lemma 3.5.1. The derivations d, i(X), and 6(X) are related by the 


formula 
&(X) = i(X)d + di(X). (3.5.1) 


Since both sides are derivations, and since the Grassman algebra of 
differential forms is generated by its homogeneous elements of degrees 
0 and 1, the relation need only be established for differential forms of 
degrees 0 and |: 


((X)d + di(X)) f = X)af = (XY; 
(i(X)d + di(X)) df = di(X)df = d0(X)f = 0(X)af. 


Lemma 3.5.2. or a I-form « on M and any tangent vector fields X 
and Y on M: 


(X A Y, da) = Xo(¥) — Yo(X) — o([X,Y)). (3.5.2) 


The right hand side is meaningful since at each point P of M, Tp 
and T} are dual vector spaces. Thus, « is a linear map from T into F. 
By linearity, it is sufficient to prove the relation for X = @/du', 
Y = 0/0ui and « = gdf where f and g are functions expressed in the 
coordinates (w‘). In fact, if the relation holds for «, B « \}(T*), it holds 
for « + B and fa where f is a differentiable function. We may therefore 
assume a == du* and in this case, both sides vanish. 
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Equation (3.5.2) indicates a (local) relationship between the derivations 
6(X) and d. Indeed, if we write 


dest = 5 chew? Nw", chy + chy = 0 (3.5.3) 
and 
AWX;) Xj, = — bi, Xj, + Di; = 0, (3.5.4) 


where {X,} and {w*} are dual bases, then 
(X35 A Xp deaty = Xs w'(X;) — Xe (Xs) — o([X5,Xi)), 
from which by (1.5.1), (3.5.3) and (3.5.4) 


i i Pa 
Cy = Op, 1 J,k = 1, .., 0m. 


The reader is referred to Chapter IV where this relationship is exploited 
more fully. We remark that equation (3.5.2) has important implications 
in the theory of connections as well (63). 


3.6. Lie transformation groups (27, 63] 


A Lie group G is a group which is simultaneously a differentiable 
manifold (the points of the manifold coinciding with the elements of the 
group) in which the group operation (a, 6)— ab“! (a,b ¢G) is a 
differentiable map of G x G into G. It is well-known that as a manifold 
G admits an analytic structure in such a way that the group operations 
in G are analytic. It follows that the map x — ax is analytic. We denote 
this map by L, and call it the left translation in G by a. Hence, every 
left translation L, is an analytic homeomorphism of G (as an analytic 
manifold) with itself. It follows that if x and y are any two elements 
of G, there exists an element a = yx-! such that the induced map 
L,+ = (L,)+ maps 7, isomorphically onto Ty. 

An infinitesimal transformation X on G is said to be left invariant 
if forevery ae G, L,.X,=X,. Hence, associated with an element Ae 7, 
where e€€G is the identity, there is a unique left invariant infini- 
tesimal transformation X which takes the value 4 at e. It can be shown 
that every left invariant infinitesimal transformation is analytic. Let L’ 
denote the set of left invariant infinitesimal transformations of G; 
L is a vector space over R of dimension equal to that of G. In fact, if 
to a tangent vector X, e 7, we associate the infinitesimal transformation 
A eL defined by X, = L,.X, (a € G) it is seen that as vector spaces 


104 III. RIEMANNIAN MANIFOLDS: CURVATURE, HOMOLOGY 


T, and L are isomorphic. Moreover, the conditions XeL, YeL 
imply LX, Y] eL. In fact, 


TONY | SPX BV OY: 


It follows that the left invariant infinitesimal transformations of the 
Lie group G form a Lie algebra L called the Lie algebra of G. That the 
right invariant infinitesimal transformations also form a Lie algebra is 
clear. However, this Lie algebra is isomorphic with L (cf. Chapter IV). 

To an element A of L we associate the local 1-parameter group of 
transformations gp, generated by A ina neighborhood of e e G. We show 
that ¢, is a global 1-parameter group of transformations on G and that 
it defines a l-parameter subgroup of G. Since A is invariant by L,. 
(x €G), it follows from lemma 3.4.1 that g, commutes with L, for 
every x € G. Hence, A generates a global |-parameter group of trans- 
formations y, on G. The subgroup a, of G defined by a, = ¢,(e) satisfies 
Q,43 = 4,@,; Moreover, p(x) = R, x(= x a,) for every x ¢ G. We call 
a, the I-parameter subgroup of G generated by A. 

More generally, we define a Lie subgroup G' of G to be a subgroup 
of G which is simultaneously a submanifold of G. G’ is itself a Lie 
group with respect to the differentiable structure induced by G. Evidently, 
the subspace ZL’ of left invariant infinitesimal transformations cor- 
responding to the tangent vectors at e € G’ is a subalgebra of L, namely, 
the Lie algebra of G’. 

Let f be an element of the group of automorphisms of a Lie group G. 
Then, f, is an automorphism of L: Since f(e) = e, if we identify the 
vector space L with J, we see that f, induces an endomorphism of T,. 
Since f-! f = identity automorphism of G, it follows that f, is an 
automorphism. In particular, if f is an inner automorphism: x — axa 
defined by a €G, the induced automorphism of L is called the adjoint 
representation of G and is denoted by ad(a). For an element BeL, 
ad(a)B = R,-1.B, since axa“! = R,-1L,x. If a, is the 1-parameter 
subgroup of G generated by A < L we conclude from lemma 3.4.3 that 

[B.A] = lim *400)B — B 
for every BeL. 

Consider a differentiable manifold M on which a connected Lie group 
G acts differentiably. G is said to be a Lie transformation group on M 
if the following conditions hold: 


(i) To each a eG there corresponds a homeomorphism R, of M 
onto itself such that R,R, = R,,; 
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(ii) The point P-a = R, P, Pe M depends differentiably on aeG 
and P where R, P = R, (P). 

Clearly, R, is the identity transformation of M. Hence, R,(R,-1(P)) 
= P for every ae G and Pe M. The group G is said to act effectively 
if R, P = P for every P € M implies a = e. 

Let 4 be an element of the Lie algebra L of G and a, the 1-parameter 
subgroup of G generated by A. A is a left invariant infinitesimal trans- 
formation of G. The corresponding l-parameter group of trans- 
formations R, on M induces a differentiable vector field A* on M. 
Let o denote the map sending A €L to A* eL* (the Lie algebra of 
differentiable vector fields on M). 


Lemma 3.6.1. The map o: L — L* ts @ homomorphism. 


Indeed, for any P « M denote by op the map from G to M defined 
by op(x) = P+x, Then 


(op.), A, = (0 A)p 


where (op.), is the induced map in 7, (the tangent space at e € G). 
Clearly, o is linear. For any two elements A and B of L, set A* = ofA) 
and B* = o(B). Then, from lemma 3.4.3 


B* — Ry B* 
[4*, BY] = lim —— — 
and so, since R,*(opq-1.)-B, = (op-),ad(a;") B, (note that R, op,,1(*) 
= P.(a;" xa,)), 


op. B, — op.ad(a,')B, 


[A*, B*]p = lim 
$0 t 


= ops lim 
t0 


Be - ad(a;,*) B, 
t 


= op.[A, B], = (o[A,B})p. 


If G acts effectively on M, a is an isomorphism. Indeed, if o(A) = 0 
for some A €L, the associated 1-parameter subgroup R,, is trivial. 
Since G is effective we have a, = e, from which A = 0. 

We remark that the derivations 6(A*) correspond to the action of 
G on M. 
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3.7. Conformal transformations 


Let M be an n-dimensional Riemannian manifold and g the tensor field 
of type (0,2) defining the Riemannian metric on M. Locally, the metric 
is given by 

ds? = g,, dut dui 


where the g;; are the components of g with respect to the natural frames 
of a local coordinate system (u*). A metric g* on M is said to be con- 
formally related to g if it is proportional to g, that is, if there is a function 
p >90 on M such that g* = p’g. By a conformal transformation of M 
is meant a differentiable homeomorphism f of M onto itself with the 
property that 

{*(@) =p) d? (3.7.1) 


where f* is the induced map in the bundle of frames and p is a positive 
function on M. Clearly, the set of conformal transformations of M forms 
a group. In fact, it can be shown that it is a Lie transformation group. 
Let G denote a connected Lie group of conformal transformations of M 
and L its Lie algebra. To each element A € L is associated the 1-para- 
meter subgroup a, of G generated by A. The corresponding 1-parameter 
group of transformations R, on M induces a (right invariant) differenti- 
able vector field 4* on M. A* in turn defines an infinitesimal trans- 
formation 6(A*) of the tensor algebra over M corresponding to the action 
on M of a;. From the action on the metric tensor g, it follows from (3.7.1) 
that 

GA*) g = dg (3.7.2) 


where A is a function depending on A*. On the other hand, a vector field 
X on M which satisfies (3.7.2) is not necessarily complete (cf. § 3.4). 
However, X does generate a 1-parameter local group, and for this reason 
X is called an infinitesimal conformal transformation of M. In our applica- 
tions the manifold M will be compact and therefore the infinitesimal 
conformal transformations will be complete. In any case, they form a 
Lie algebra L with the usual bracket LX, Y] = O(X)Y. 

If the scalar A vanishes, that is, if 6(X)g = 0, the metric tensor g is 
invariant under the action of 6(X). The vector field X is then said to 
define an infinitesimal motion. The infinitesimal motions define a sub- 
algebra of the Lie algebra L. For, &[X, Y])g = 0(X)0(Y)g — O(Y)0(X)g 
= 0. Moreover, it can be shown that the group of all the isometries of 
M onto itself is a Lie group (with respect to the natural topology). 


If € is the 1-form on M dual to X we shall occasionally write 6(£) 
for 0(X). 
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Proposition 3.7.1. For any vector field X 
(()g):5 = D; &: + Dy & 


where & is the 1-form on M dual to X. 


Let U be a coordinate neighborhood with the local coordinates 
ui,» u", The vector fields 8/éu}, ---, 6/u" form a basis of the F-module 
of vector fields in U where F is the algebra of differentiable functions 
on U. Denoting the components of the metric tensor g by g;; we have 
& = 8; du’ © du’. Applying the derivation 6(X) to g we obtain 


AX)g = (XBi;) dub @ du’ + gi(X dut) © dw’ + gi; dui @(Xdw’) 
== €k 8s gy @ dui + g,,d(Xu*) © dui + g,; dut @ d(Xu’) 


OL is of OG 5 
= gt Be du! & du! + 6 SE du! & dui + by oe du! ® du 


ag ;5 age age 
= (Gi + Bu Gp te) et @ oe 


It follows that 


OB ii age age 
(9(2)g)is = &* Buk + Bx; aa + Bie Bi 


and, since the right hand side is equal to D,é, + D,f,; we may write 
(O(£)g)i7 = D, &; + D, &;. (3.7.3) 


Corollary. An infinttestmal conformal transformation X on an 
n-dimensional Riemannian manifold satisfies the equation 


HE)g + 7 (3é)¢ = 0. (3.7.4) 
Indeed, 
ABs = (HE)B)s = Dy E + Di &. 


i] ) te 5 
A ry e n e 


Corollary. A necessary and sufficient condition that an infinitesimal 
conformal transformation X be a motion is given by 5€ = 0. 

If the vector field X has constant divergence, that is, if 6 = const., 
the transformation is said to be homothetic. 
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Assume that the vector field X defines an infinitesimal motion on M. 
Then, 6(X)g vanishes, that is 


D,; &; + D; g, = 0. (3.7.5) 
It follows that 


D, D; €; + D; Dy, &; + D, D, & + Dy, D; & + D; Dy €; + D; D; & = 0. 


Hence, applying the Bianchi identity (1.10.24) and the interchange 
formula (1.7.19) for covariant derivatives 
0 =D, D; §; + D; Dy &; + D; Dy Se 
a dD, D; £; + D, dD, é; + D, D; £, ae g, tae 


We conclude that 


D, D; €' + € Ri, = 0. (3.7.6) 


(This means that the Lie derivative of the affine connection vanishes 
or, what is the same, @(X) commutes with the operator of covariant 
differentiation (cf. §3.10)). On the other hand, if X is a solution 
of these equations it need not be an infinitesimal motion (cf. § 3.10). 

In the case where M is E”, if we choose a cartesian coordinate system 
(x1, ..., x") equations (3.7.5) and (3.7.6) reduce to 


Of; | O85 _ Pe, _ 
ad aes: 88 Gage % 
Integrating, we obtain 
&, = Lay x, +a, ay = — ay. 


The vector whose components are the a; is the translation part of the 
motion whereas the tensor with components a@,, defines a rotation about 
the origin. 

The infinitesimal motion X is usually called a Kilhng vector field. 

Let L be a subalgebra of. the Lie algebra T of tangent vector fields 
on M. A p-form on M is said to be L-invariant if it is a zero of all the 
derivations 6(X) for X ¢L. Clearly, the L-invariant differential forms 
constitute a subalgebra of the Grassman algebra of differential forms 
on M. Moreover, this subalgebra is stable under the operator @. This 
follows from property (i) of § 3.5. 

Let « and f be any two p-forms on the compact and orientable 
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Riemannian manifold M. Then, by Stokes’ theorem and formula 
(3.5.1), if X is an infinitesimal transformation 


i) A(X) (a A *B) = i di(X) (a A *B) =0. 
M M 
Since 6(X) is a derivation, 

(6(X)a, B) = ~ f gS RDB: 


If, therefore, we put 


+0(X) = — OX), (3.7.7) 
that is 
O(X) = (— 1yrtet! OX) «, (3.7.8) 
we have 
((X)a, B) = (a, OX) B). (3.7.9) 
It follows that the operator (X) is the dual of 6(X). One thus obtains 
A(X) = 8e(£) + €(£)8 (3.7.10) 


where ¢é is the covariant form for X. Since the operators 6(X) and d 
commute, so do their duals as one may easily see from (3.7.10): 


BAX) = BX) 8. 
Moreover, if g denotes the metric tensor of M 


(AX) + A(X) a (3.7.11) 


dui A... A duto 


Dp 
= 6€-a+ p> BAX) Be, Mes eadp ipa yeoedy 
where the a; _, are the coefficients of « in the local coordinates (u*). 
The proof’ of ‘3. 7.11) is a lengthy but entirely straightforward com- 
putation and is therefore left as an exercise for the reader. 


Theorem 3.7.1. The harmonic forms on a compact and _ orientable 
Riemannian manifold M are K-invariant differential forms where K 1s 
the Lie algebra of infinitesimal motions on M[73, 35). 

The proof depends on the fact that 6(X) + 8(X), X « K annihilates 
differential forms. Indeed, since X is an infinitesimal motion, 6(X)g = 0 
and, therefore, 5 = 0. Let « be a harmonic form. Then, d0(X)a = 
O(X)da = 0 and $0(X)a = — 8A(X)a = — 6(X)Sa = 0. Hence, O(X)« 
is a harmonic form; but 6(X)a« = di(X)a, from which by the Hodge- 
de Rham decomposition of a differential form (cf. § 2.10), 0(X)« = 0. 
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Corollary. Jn a compact and orientable Riemannian manifold the inner 
product of a harmonic vector field and a Killing vector field is a constant. 
In fact, if a is a harmonic |-form and X an element of K, 0 = @(X)a = 
di( X)a. 
The corollary may be generalized as follows: 


Theorem 3.7.2. The inner product of a K-invariant closed I-form and 
an element X of K is a constant equal to < X, H[a] >. 

For, 0 = @(X)a = di(X)a. By the Hodge-de Rham decomposition 
of a 1-form, « = df + H[a] for some function f, from which 0 = 6(X)a 
= O(X)df = di(X)df. Hence, <X, df) = k = const. We conclude that 
(&, df) = Jxk =0 since (€, df) = (86, f) = 0. 

Let X be an element of the Lie algebra L of infinitesimal conformal 
transformations of M. Then, equation (3.7.11) reduces to 


((X) + HX) a= (1-7) ae. a (3.7.12) 


in view of formula (3.7.4), and we have the following generalization of 
theorem 3.7.1: 


Theorem 3.7.3. Let M be a compact and orientable Riemannian manifold 
of dimension n. Then, a harmonic k-form « ts L-invariant, if and only if, 
n = 2k or, 8& + « 1s co-closed [35]. 


Corollary. On a@ compact and orientable 2-dimensional Riemannian 
manifold the inner product of a harmonic vector field and an infinitesimal 
transformation defining a I-parameter group of conformal transformations 
is a constant. 

This is clearly the case if M is a Riemann surface (cf. Chap. V). 

Since formula (3.7.12) is required in the proof of theorem 3.7.5 
and again in Chapter VII a proof of it is given below: 

Applying (X) to <a, B> = gid gifs a, 4) By....j,) we obtain 


A(X) <a B> = <O(X) a, B> + <a, O(X) AY + PSE ay B>. (37.13) 


We also have 
O(X)*1 = — bE #1. (3.7.14) 


From (3.7.13) and (3.7.14), we obtain 


A(X) (ou B> #1) = CCX) a, BY #1 + ay AX) Br#l + (PP — 1) aE <a, BY #1. 
(3.7.15) 
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The integral of the left side of (3.7.15) over M vanishes by Stokes’ 
theorem. Hence, integrating (3.7.15) gives 


0 = (AX) a, B) + (a (X)A) + ((F — 1) 8¢. a 8). 


Thus, ‘ 
((X) a + HX) a, 6) = ((1 7) s¢. a, 8), 


and so, since « and § are arbitrary 


O(X) « + OX) a = (1 ~ 72) 38 .«. 


Let M be a Riemannian manifold, C,(M) the largest connected group 
of conformal transformations of M and J,(M) the largest connected 
group of isometries of M. (Note that L and K are the Lie algebras of 
C,(M) and J,(M), respectively.) We shall prove the following: 


Theorem 3.7.4. Let M be a compact Riemannian manifold. If C\(M) #4 
I,(M), then, there is no harmonic form of degree p,O<p<n(n = dimM) 
whose length is a non-zero constant [78]. 

Since a harmonic form on a compact Riemannian manifold is invariant 
by J,(4), a harmonic form on a compact homogeneous Riemannian 
manifold (cf. VI. E) is of constant length. (A Riemannian homogeneous 
manifold is a Riemannian manifold whose group of isometries is transi- 
tive.) Hence, as an immediate consequence of theorem 3.7.4 we have 


Theorem 3.7.5. Let M be a compact homogeneous Riemannian manifold. 
If CM) A Io(M), then M 1s a homology sphere [78]. 

Since we are interested in connected groups, the hypothesis of 
theorem 3.7.4 may be replaced by the following: Let M be a compact 
Riemannian manifold admitting an infinitesimal non-isometric conformal 
transformation. We may also assume that M is orientable; for, if M is 
not orientable, we need only take an orientable two-fold covering space 
of M. 


Proof of Theorem 3.7.4. Let a be a harmonic form of degree p. We 


shall first prove 
(A(X) , 0(X) «) = 0. (3.7.16) 


Since a is closed, 6(X)a = di(X) a. On the other hand, since « is 
co-closed, 86(X) a = &(X)8« = 0. Thus, 


(BX) «, 6(X) a) = (88(X) a, i(X) a) = 0. 
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Applying (3.7.12) and (3.7.16) we obtain 
(0X) «, OX) «) = (0X) « + OX) a, OX) «) 
=| — 72) (8€ . a, OX) «) (3.7.17) 


= ( — 22) [3 ee, 0X) ot) x1. 


From now on, we assume that « is not only harmonic but is also of 
constant length, that is, <a, «> is constant. Hence, 6(X) <a, a> = 0, 
and so, from (3.7.13) 

OMe Ee Tac TN (3.7.18) 


n 


Substituting (3.7.18) into (3.7.17) we obtain 
= 2p) p 
(9X) «, 0X) a) = — (1 = = . Oed Swart. 3.7.19) 


If 2p <n, the right hand side of (3.7.19) is non-positive; but the left 
hand side is non-negative. Consequently, 6(X) « = 0 and by (3.7.18) 
either 5 = 0 or a = O. If X is not an infinitesimal isometry, 5 + 0. 
We have therefore proved that if 7 admits an infinitesimal non-isometric 
conformal transformation, then there is no harmonic form of constant 
length and degree p, 0 < p S n/2. If « is a harmonic form of constant 
length and degree p > n/2, then its adjoint *a is a harmonic form of 
constant length and of degree » — p < n/2. This completes the proof. 

By employing theorem 3.7.5, it can be shown that M is, in fact, 
isometric with a sphere (cf. III. F). 


3.8. Conformal transformations (continued) 


In this section we characterize the infinitesimal conformal trans- 
formations and motions of a compact and orientable Riemannian 
manifold M as solutions of a system of differential equations on M. 
Moreover, we investigate the existence of (global) 1-parameter groups 
of conformal transformations of M and find that when the Ricci curvature 
tensor is positive definite no such groups except {e} exist. 

For a 1-form « on M we define the symmetric tensor field 


H(a) = O(a)g + (6a) g (3.8.1) 
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of type (0,2) where we have written @(«) for 6(A)—the vector field A 
being defined by duality. Clearly, the elements A of L satisfy the equation 
t(«) = 0. In a coordinate neighborhood U with local coordinates 
ui, ---, u™ the tensor ¢(a) has the components 


2 
(t(a))i3 = Dj a; + Dy ay + 7 (4) Biss 


the divergence of which is given by 


(8'¢(a)), = gt Dy(Dy a, + Dy a) + > (dba, 


= 2D, D, «' — (Sdx), + = (aa), 
since 


(8da); = g** D,(D; a, — D, a5). 


The operator 5’ is used in place of — 8 since ¢(«) is symmetric. From 
the Ricci identity (1.7.19) we obtain 


D, D, a = (Qa); — (dda), 
and so 


8't(a) = 2Qa — 8da — (2 — 4) d8a 


(3.8.2) 
= 20a — da — (1 _ 2) dda. 


Now, since the tensor ¢(«) is symmetric and is annihilated by g, that is, 
since <g,t(a)> = 0, 


<t(a), t(a)> = (#(a));g Di af = gi (t(x))i5 Dy! 
= g* Dyfo'(t(a))is] — <8't(a), «> 
= — B(ai(t(a)),5 du?) — ¢3't(a), «>. 


Integrating both sides of this relation and applying Stokes’ formula we 
obtain the integral formula 


(8’t(«), «) + (t(a), t(a)) = 0 (3.8.3) 
where we have put 


(H(2), #(a)) = J <t(a), t(a)> 1. 


An application of (3.8.2) together with (3.8.3) yields: 
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Theorem 3.8.1. There are no non-trivial (global) I-parameter groups 
of conformal transformations on a compact and orientable Riemannian 
manifold M of dimension n = 2 with negative definite Ricci curvature 
[4, 73]. 

For, let X be the infinitesimal conformal transformation induced 
by a given 1-parameter group of conformal transformations of M and é 
the 1-form defined by X by duality. Then ¢(€) vanishes, and so by 
(3.8.2) and (3.8.3) 


(ag + (1 —4)a8¢ — 296, 9 =0. 


A computation gives 
(dé, dé) +2(1 =) (66, 84) =2(08,8), 


and consequently, if <O£, & <0 then, for n = 2, we must have 
Ok, & =0, 6 =0, DX =0. 


Moreover, if the Ricci curvature is negative definite we conclude that 
é = 0, that is X vanishes. 

We have proved in addition that if the Ricci quadratic form 1s negative 
semi-definite, then a vector field X on M which generates a 1-parameter 
group of conformal transformations of M is necessarily a parallel field. 


Corollary. There are no (global) 1-parameter groups of motions on a 
compact and ortentable Riemannian manifold of negative definite Ricci 
curvature, 

We have seen that an infinitesimal conformal transformation on a 
Riemannian manifold M must satisfy the differential equation 


da + (1 — =) abe = 20e. (3.8.4) 


Conversely, if M is compact and orientable, and ¢ is a 1-form on M 
which is a solution of equation (3.8.4), then by (3.8.2) and (3.8.3) 
(t(€), t(€)) = 0 from which t(€) = 0, that is 0(é)g + (2/n)(’&g = 0. It 
follows that the vector field X dual to é is an infinitesimal conformal 
transformation, We have proved [73] 


Theorem 3.8.2. On a compact and orientable Riemannian manifold a 
necessary and sufficient condition that the vector field X be an infinitesimal 
conformal transformation is given by 


4é+(1 - *\as¢ = 208. 
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Corollary. Ona compact and orientable Riemannian manifold, a necessary 
and sufficient condition that the infinitesimal transformation X generate a 
1-parameter group of motions 1s given by the equations 


4E=20F and 5€=0. 


3.9. Conformally flat manifolds 


Let M be a Riemannian manifold with metric tensor g. Consider the 
Riemannian manifold M* constructed from M as follows: (i) M* = M 
as a differentiable manifold, that is, as differentiable manifolds M and 
M* have equivalent differentiable structures which we identify; (ii) the 
metric tensor g* of M* is conformally related to g, that is, g* = p’g 
(p > 0). Since the quadratic form ds? for n = 2 is reducible to the 
form A[(du')? + (du?)?] (in infinitely many ways) the metric tensors of 
any two 2-dimensional Riemannian manifolds are conformally related. 
In the sequel, we shall therefore assume n > 2. 

For convenience we write p = e’. It follows that the components g,, 
and g*,, of the tensors g and g* are related by the equations 


a ig = OP 8,5. (3.9.1) 


The components of the Levi-Civita connections associated with the 
metric tensors g and g* are then related as follows: 


Py, =P, + 8 Dyo + 8, Dio — gg Dio. 
A computation gives 


— 2 = 
€*? R¥ iy = Riser — Bir Cin — Bin Fit + Bin Tin + Sir Fin 


3.9.2 
— (Bik 8it — 81 Bix) <do, do> ( ) 


where we have put 
C5 = D; Die = D; o Dy. 


Transvecting (3.9.2) with gt! we see that the components of the cor- 
responding Ricci tensors are related by 


R*,, = Ry — (n — 2) on + [40 —(n — 2) <do, doy] 2%. (3.9.3) 


Again, transvecting (3.9.3) with g’* we obtain the following relation 
between the scalar curvatures R and R*: 


R* = e [R + 2(n — 1) do — (n — 1) (n — 2) <do, dod]. (3.9.4) 
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Eliminating 4c from (3.9.3) and (3.9.4) we obtain 


7 1 ee ee ye 
oy = — 5 (Ry — Ry) + alway uk &i R) 3.9.5) 
2 5 <da, da» 233. 


Transvecting (3.9.2) with g**" and substituting (3.9.5) in the resulting 
equation we obtain C**,,, = C*,, where 


1 i i i 
Cher = Royer — aa? (Rie 8) — Ry 8¢ + Bye Ri — Bi Rx) 


= (3.9.6) 
+ GoD@aDe 81 — gir 8%). 


Evidently, the C*,,; are the components of a tensor called the Weyl con- 
formal curvature tensor. Moreover, this tensor remains invariant under 
a conformal change of metric. The case 2 = 3 is interesting. Indeed, 
by choosing an orthogonal coordinate system (g,, = 0, 1 #/) at a point 
(cf. § 1.11), it is readily shown that the Weyl conformal curvature 
tensor vanishes. 

Consider a Riemannian manifold M with metric g and let g* be a 
conformally related locally flat metric. Under the circumstances M 
is said to be (locally) conformally flat. Clearly then, the Weyl conformal 
curvature tensor of M vanishes. Conversely, if the tensor C*,,, is a zero 
tensor on M, there exists a function o such that g* = eg is a locally 
flat metric on M. For, from (3.9.6) 


‘ 1 
D, Chan = Dy R's — a (Dy Ry, — De Ry + Bix Dy Rhy, — 8 Di R's) 


1 (3.9.7) 
a (2—N@—2) (81x DiR — gy, D, R). 
Applying (1.10.21) and (1.10.22) we deduce 
D, Cty, = (n — 3)C 
where we have put Ee (% — 3)C sur 
1 
Cyr = ee) (D, Rix — D, Ry) 
1 

— Baa Ty a Be Pi R — bn De R). (3.9.8) 


Hence, for n > 3, Cy, = 0. 
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If g* = eg is a locally flat metric, both R*,, and R* vanish, and so 
from (3.9.5) 


i. 1 
D, Die = D,o Dio — ——5 (ao 5 (x sats ij — Ry) — > 8: <do, do. (3.9.9) 


The integrability conditions of the system (3.9.9) are evidently given by 
D, D, D; = D; dD, D,; c=S=-_ Rix D, oC. (3.9.10) 


It follows after substitution from (3.9.9) into (3.9.10) that C,,, = 0. 
Thus, the equations (3.9.9) are integrable. 


Proposition 3.9.1. A necessary and sufficient condition that a Riemannian 
manifold of dimenston n > 3 be conformally flat ts that its Weyl conformal 
curvature tensor vanish. For n = 3, it ts necessary and sufficient that the 
tensor C4, = 0. 

The conformal curvature tensor of a Riemannian manifold of constant 
curvature is readily seen to vanish. Thus, 


Corollary. A Riemannian manifold of constant curvature ts conformally 
flat provided n > 3. 

We now show that a compact and orientable conformally flat 
Riemannian manifold M whose Ricci curvature is positive definite is a 
homology sphere. This is certainly the case if M is a manifold of positive 
constant curvature. 

Indeed, since M is conformally flat, its Weyl conformal curvature 
tensor vanishes. Hence, from formula (3.2.10), for a harmonic p-form a 


Ria, a>. (3.9.11) 


Fla ) = = R; g atta--fy OO aiy b p! GoD 
Since the operator Q is positive definite let A) denote the greatest lower 
bound of the smallest eigenvalues of Q on M. Then, for any 1-form 8, 
<QOB, B> = Aq <B, B> and the scalar curvature R = gJ Ry Snr, > 0. 
This latter statement follows from the fact that at the pole of a geodesic 
coordinate system the scalar curvature R is the trace of the matrix (R,,), 
(gi(P) = 8,;)- 

Again, at a point Pe M if a geodesic coordinate system is chosen 
it follows from (3. a i tp that 1) 


—P n(p — 
F(a) 2 p!= Ag <a, OPE yay ee 


= —?P 
= pi=—5 dy <a, a) 


(3.9.12) 
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at P from which we conclude that F(a) is a positive definite quadratic 
form. We thus obtain the following generalization of cor., theorem 3.2.4: 


Theorem 3.9.1. The betti numbers 6,(0 <p <n) of a compact and 
orientable conformally flat Rremannian mantfold of positive definite Ricci 
curvature vanish [6, 51). 


For 2 = 2,3 this is, of course, evident from theorem 3.2.1 and 
Poincaré duality. 

If M is a Riemannian manifold which is not conformally flat, that is, 
if for m > 3 its conformal curvature tensor does not vanish, we may 
introduce a quantity which measures its deviation from conformal 
flatness and ask under what conditions M remains a homology sphere. 
To this end, let 


a | Cis 7 "| 
2C = es CEB (3.9.13) 


for all skew-symmetric tensors of type (2,0) at all points P of M. Cis a 
measure of the deviation of M from conformal flatness. Substituting for 
the Riemannian curvature tensor from (3.9.6) into equation (3.2.10) 
we find 


F(a) ="? Ry oxkt--tp Be ys 
(p — DR ami. igs: 
+ p! @—Nh@—2 Ca, a> + > C7541 ata te Ooty 


where « is a harmonic p-form. Applying (3.9.12) and (3.9.13) we have 
at the pole P of a geodesic coordinate system 


F(a) 2 pl — I Ng <a, a> +P54 Cyjuy tart a 
= ei 
= p= =F] Xo <a, o> — pl P= Cha, a> 
a aes 1 
zp —*), - fon C) <a, a). 


Hence, F(«) isa positive definite quadratic form provided ((m — p)/(m — 1))Ag 
> ((p — 1)/2)C and, in this case, if M is compact and orientable, 


D 
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Theorem 3.9.2. Let M be a compact and orientable Riemannian manifold 
of positive Ricct curvature. If 


ais ee aa C, (3.9.14) 


n—1 
then, 5,(M) vanishes [6, 74]. 


Corollary. M ts a homology sphere if (3.9.14) holds for allp,O <p <n. 
This generalizes theorem 3.9.1, 


3.10. Affine collineations 


Let M be a Riemannian manifold with metric tensor g and C = C(t) 
a geodesic on M defined by the parametric equations u* = u(t), 
i= 1,-+,m. Denoting the arc length by s, that is ds? = g,,du'du’, the 
equations of C are given by 


24,4 : 7 ke 4 
Oe + Th, My (3.10.1) 
where X(t) = (d*s/dt?)/(ds/dt) and the Ii, are the coefficients of the 
Levi Civita connection (associated with the metric). By an affine 
colkineation of M we mean a differentiable homeomorphism f of M onto 
itself which maps geodesics into geodesics, the arc length receiving 
an affine transformation: 


sas+tb 


for some constants a 0 and b. Clearly, if fis a motion it is an affine 
collineation. The converse, however, is not true in general, but, if we 
assume that Mis compact and orientable, an affine collineation is neces- 
sarily a motion (theorem 3.10.1). 

It can be shown that the affine collineations of M form a Lie group. 
Let G denote a connected Lie group of affine collineations of M and L 
its Lie algebra. To each element A of L we associate the 1-parameter 
subgroup a, of G generated by A. The corresponding 1-parameter 
group of transformations R,. on M induces a (right invariant) vector 
field A* on M. The vector field A* in turn defines an infinitesimal 
transformation 6(A4*) of M corresponding to the action on M of a,. 
Since the elements of G map geodesics into geodesics the Lie derivative 
of the left hand side of (3.10.1) with s as parameter must vanish. 


120 III. RIEMANNIAN MANIFOLDS: CURVATURE, HOMOLOGY 


We evaluate the Lie derivative of the Levi Civita connection forms 


wk with respect to a vector field X defining an infinitesimal affine collinea- 
tion: 


OX )wk = di(X)wk + i(X)de% 
= di(X)w* + (X) [wt A wt — ER jm du’ du™) 


= dé i Ty, duty + (X)w) we — wh i(X)wt 


— ER 1m [(X)du du” — du! i(X) du] (3.10.2) 


= dé 5) + &(D Pim — Tim Pig] du” + &? Ruy du” 


7) at 
oa a is ae e ——* a ees pi i we Pie a R'smr) | du™, 
Consequently, 
_ duk — OX)wk dui wk OX) dud 
DAA ga kage ge ge aes 


oe hs ee ss » O€) dub dum — &X)wt du 
— (aa au™ ~~ Out Pim + Vim ball ae ds ds ds ds 


arek OEF Se eg? \ dub du™ 
ae Our Pim + Pim but r) ds ds 


(3.10.3) 


0g" gate ¢ (pa pk 8 k du’ du™ 
+ [59 hte +€ (ri, os wor; mE Ss + Rey) ds ds 


Hence, by (3.10.3) for an infinitesimal affine collineation X = &*( 8/du*) 


D, D; €& + € Ri jy = 9. (3.10.4) 


Transvecting (3.10.4) with g7* we see that 


g* D; D; é Sts R', é aan 0 
or 


4é = 208. 
Again, if we transvect (3.10.4) with 5? we obtain D,D,é‘ = 0, that is 


dé = 0. 
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Hence, if M is compact and orientable 
0 = (d8é, £) = (88, 8£) 
from which 6 = 0. We conclude (by theorem 3.8.2, cor.) 


Theorem 3.10.1. In a compact and orientable Riemannian manifold an 
infinitesimal affine collineation 1s a motion [73]. 


Corollary. There extst no (non-trivial) I-parameter groups of affine 
collineations on a compact and orientable Riemannian manifold of negative 
definite Ricct curvature. 

This follows from theorem 3.8.1. 

More generally, it can be shown that an infinitesimal affine collineation 
defined by a vector field of bounded length on a complete but not 
compact Riemannian manifold is an infinitesimal motion. We remark 
that compactness implies completeness (cf. § 7.7). 


3.11. Projective transformations 


We have defined an affine collineation of a Riemannian manifold 
as a differentiable homeomorphism f of M onto M preserving the 
geodesics and the affine character of the parameter s denoting arc length 
along a geodesic. If, more generally, f leaves the geodesics invariant, 
the affine character of the parameter s not necessarily being preserved, 
f is called a projective transformation. 

A transformation f of M is affine, if and only if 


ftw =w 


where w is the matrix of forms defining the affine connection of M, or, 
equivalently in terms of a system of local coordinates 


Pn = Doe 
where the I*;, are given by f*w} = I™*t, du*, f* denoting the induced 


dual map on forms. A transformation f of M is projective, if and only if 
there exists a covector p(f) depending on f such that 


Dh = Vie + PAS) Se + Pf) 85 (3.11.1) 


where the p,(f) are the components of p(f) with respect to the given 
local coordinates. Under the circumstances, w and f*w are called 
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projectively related affine connections. On the other hand, two affine 
connections w and w* are said to be projectively related if there exists 
a covariant. vector field p, such that in the given local coordinates 


an a *k + pi + pS}. 

Let M be a Riemannian manifold with metric g. If there exists a 
metric g* on M such that the connections w and w* canonically defined 
by g and g* are projectively related, then, by means of a straightforward 
computation, the tensor w whose components are 


, 7 l i w : 
Wye = Ri — yn (Ri 8, — Ryd), n> l (3.11.2) 


I 
is an invariant of the projectively related affine connections, that is, 
the tensor w* corresponding to the connection w* projectively related 
to w coincides with w. This tensor is known as the Weyl projective 
curvature tensor. Its vanishing is of particular interest. Indeed, if w = 0, 
the curvature of M (relative to g or g*) has the representation 

(Rye 8; — Ryr 8:)- 


Ri = 
jkl n 


— 1 
Hence, 
Rint = Puane (Rix Bi — Rye Bix) (3.11.3) 


from which, by the symmetry properties of the Riemannian curvature 
tensor 
Rye Bir — Ry Bix + Ra Bn — Ru ix = 0. 


Transvecting with 8*' we deduce that 
Ri = — Byx- (3.11.4) 


Substituting the expression (3.11.4) for the Ricci curvature in (3.11.3) 


gives 2 
Rise = n(n — 1) (81x Lit — 81 Sik)» (3.11.5) 


Thus, M is a manifold of constant curvature. 

Conversely, assume that M (with metric g or g*) has constant curva- 
ture. Then, its curvature has the representation (3.11.5) and its Ricci 
curvature is given by (3.11.4). Substituiing from (3.11.4) and (3.11.5) 
into (3.11.2), we conclude that the tensor w vanishes. 
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Let M be a Riemannian manifold with metric g. If M may be given 
a locally flat metric g* such that the Levi Civita connections w and w* 
defined by g and g*, respectively, are projectively related, then M is 
said to be locally projectively flat. Under the circumstances, the geodesics 
of the manifold MM with metric g correspond to ‘straight lines’ of the 
manifold M with metric g*. For n > 3, it can be shown that a necessary 
and sufficient condition for M to be locally projectively flat is that its 
Weyl projective curvature tensor vanishes. Thus, @ necessary and sufficient 
condition for a Riemannian manifold to be locally projectively flat is that 
it have constant curvature. 

We have shown that a compact and orientable Riemannian manifold M 
of positive constant curvature is a homology sphere. Moreover, (from 
a local standpoint) ™M is locally projectively flat, that is its Wey] projective 
curvature tensor vanishes. It is natural, therefore, to inquire into the 
effect on homology in the case where this tensor does not vanish. With 
this purpose in mind, a measure W of the deviation from projective 
flatness is introduced. Indeed, we define 


7 LA 
BS NS Cees 


the least upper bound being taken over all skew-symmetric tensors of 
order 2. 


Theorem 3.11.1. [a a compact and orientable Riemannian manifold of 
dimension n with positive Ricci curvature, if 


n—p p-—l 
AF dy > PS (3.11.6) 
(where Xy has the meaning previously given) for all p=1,--, n—1, 
then Mis a homology sphere [6, 74]. 
Indeed, substituting for the Riemannian curvature tenso: from 
(3.11.2) into equation (3.2.10) we obtain 


Fla) =p! (— "FA, ~?>"w) Cua 


by virtue of the fact that at the pole of a geodesic coordinate system 


R,; after -t Os aly = pl Ag <a, a> 


and 
Wagar so, 


> — pl W <a, a). 


tgrerty 
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Hence, F(a) is non-negative provided 


If strict inequality holds, M is a homology sphere. 
Corollary. Under the conditions of the theorem, if 


2g 
OSG)" 


M is a homology sphere. 


We have proved that the betti numbers of the sphere are retained 
even for deviations from projective flatness, that is from constant 
curvature. This, however, is not surprising as we need only compare 
with theorem 3.2.6. In a certain sense, however, theorem 3.11.1 is a 
stronger result. Indeed, the function W need only be bounded above 
but need not be uniformly bounded below. 

Theorem 3.11.1 implies that the homology structure of a compact 
and orientable Riemannian manifold with metric of positive constant 
curvature is preserved under a variation of the metric preserving the 
signature of the Ricci curvature as well as the inequality (3.11.6), that 
is, a manifold carrying the varied metric is a homology sphere. 


EXERCISES 


A. Locally convex hypersurfaces [58, 14]. Minimal varieties [4] 


1. Let M be a Riemannian manifold of dimension x locally isometrically 
imbedded (without singularities) in E"+! with the canonical (Euclidean) metric. 
The manifold M is then said to be a local hypersurface of E™+). Let a,; denote 
the coefficients of the second fundamental form of M in terms of the cartesian 
coordinates of E"+1, Then, the curvature of M is given by the (Gauss) equations 


Rieger = Vie Gy — Fy, Ap 


M is said to be locally convex if the second fundamental form is definite, that is, 
if the principal curvatures «,,, are of the same sign everywhere. Under the 
circumstances, every point of M admits a neighborhood in which the vectors 
tangent to the lines of curvature are the vectors of an orthonormal frame. 
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Consequently, 
4; = Ki) 843, (¢: not summed) 


from which we derive 


Riser = Keay Keay (Bye Bix — 842 Six) 
Hence, 


—Ry = (Kui (2 Kin) 8 yx. 


By employing theorem 3.2.4 show that if M is compact and orientable, then 
b,(M) = 6M) = 0. 
2. If at each point of M, the ratio of the largest to the smallest principal curvature 
is at most 4/2, M is a homology sphere. 

Hint: Apply theorem 3.2.6. 


3. If M is locally isometrically imbedded in an (# + 1)-dimensional space of 
positive constant curvature K, the Gauss equations are given by 


Reser = (@sx Gin — 252 Qin) + K(B4e Bit — 831 Bik) 
Show that the assertions in A.1] and A.2 are also valid in this case. 


4. If the mean curvature of the hypersurface vanishes, that is, if, in terms of the 
metric g of M, 
ga, =0 


then, from the representation of the curvature tensor given in A.1 


Ry, &! EF = — gi n,n 
where 
i = ay Eh 


In this case, M is called a minimal hypersurface or a minimal variety of E™+1.. 
Show that the only groups of motions of a compact and orientable minimal 
variety are groups of translations. 


5. Show that the only groups of motions of a compact and orientable minimal 
variety (hypersurface of zero mean curvature) imbedded in a manifold of 
constant negative curvature are translation groups. 


6. If all the geodesics of a hypersurface M are also geodesics of the space in 
which it is imbedded, M is called a totally geodesic hypersurface. It is 
known that a totally geodesic hypersurface is a minimal variety. Hence, if it is 
compact and orientable and, if the imbedding space is a manifold of constant 
non-positive curvature its only groups of motions are translation groups. 
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B. 1-parameter local groups of local transformations 


1. Let P be a point on the differentiable manifold M and U a coordinate 
neighborhood of P on which a vector field X 40 is given. Denote the com- 
ponents of X at P with respect to the natural basis in U by é. There exists at P 
a local coordinate system v},-:-, v” such that the corresponding parametrized 
curves with v! as parameter have at each point Q the vector Xp as tangent vector. 
If we put v! = t, the equations 


wiv jut), tHoleoiyn 


defining the coordinate transformations at P are the equations of the ‘integral 


curves’ (cf. I, D.8) when the v‘, z = 2, ---, 2 are regarded as constants and ¢ as 
the parameter, that is, the coordinate functions u‘,7 = 1, «-:, n are solutions of 
the system of differential equations 

dui ; 

— = E(t * 

= Hilt) (*) 


with (0) = €, the point P corresponding to t = 0. More precisely, it is 
possible to find a neighborhood U(Q) of Q and a positive number «(Q) for every 
Q e¢U such that the system (*) has a solution for |¢| < «(Q). Denoting this 


solution by 
il? ot) exp CX)? 07,0) 


show that 
exp(sX) exp(tX) ui(v2, «+, vu", 0) = exp((s + t) X) u*(v?, - , v7, 0) 


provided both sides are defined. In this way, we see that the ‘exp’ map defines 
a local 1-parameter group exp(tX) of (local) transformations. 


2. Conversely, every 1-parameter local group of local transformations y, may be 
so defined. Indeed, for every P « M put 


P(t) = p(P) 


and consider the vector field X defined by the initial conditions 


(or, Xp = (dP(t)/dt),-9). It follows that 
9, = exp(tX). 


3. The map exp(tX) is defined on a neighborhood U(Q) for | t | < «(Q) and 
induces a map exp(tX), which is an isomorphism of Tp onto T'p,,,—the tangent 
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space at P(t) = exp(tX)P. The induced dual map exp(tX)* sends A(T$,.)) 
into A (T#). For an element apy € A?(TFit)) 


exp(tX)* apy — &p 
t 


is an element of A?(T3). Show that 


exp(tX)* api) — op 
70 t 


and that consequently 
A(X) (a A B) = HX) a AB +a A HX) B 


for any elements a, B € A*(T). 
Hint: Show that 


exp(t.X)* (a A B)piy = exp(tX)* apy A exp(tX)* Bry. 


C. Frobenius’ theorem and infinitesimal transformations 


1. Show that the conditions in Frobenius theorem (I. D.4) may be expressed 
in the following form: If the basis of the tangent space 7'p at P € M is chosen 
so that the subspace F(P) of Tp of dimension r is spanned by the vectors 
X,(A=q+1,°"',m) then, if we take @ =O@/... A 6% the conditions of 
complete integrability are given by 


chp =0,4,B= +1," ,mi=1-~,g. 


This is equivalent to the condition that [X,,X,] is a linear combination of 
Xqi1, 1, Xp, Only. In other words, F is completely integrable, if and only if, 
for any two infinitesimal transformations X,Y such that Xp, Yp e F(P) for all 
PeU the bracket [X,Y]p € F(P). 


2. Associated with the vector fields X and Y are the local one parameter groups 
¢x(P,t) and yy{P,t). Then, LX,Y]p is the tangent at ¢ = 0 to the curve 


ax.vi(P, t) = py (ox (oy (ex (P, Vi Vy: = A a Yi 


This formula shows, geometrically, the necessity of the integrability conditions 
for F. For, if Xpand Yp are contained in F(P) for all P e U and F is integrable, 
the integral curves of X and Y must be contained in the integral manifold. 
Hence, the formula shows that the above curves must also be contained in the 
integral manifold from which it follows that LX,Y]p € F(P). 
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D. The third fundamental theorem of Lie 


By differentiating the equations (3.5.3), the relations 
ect, =F Cie + Chithy =0 (3.D.1) 


are obtained. Conversely, assuming n° constants cj, are given with the property 
that 


F : 
Ce + Chey = 9, 


show that the conditions (3.D.1) are sufficient for the existence of # linear 
differential forms, linearly independent at each point of a region in R", and 
which satisfy the relations (3.5.3). 
This may be shown in the following way: 
Consider the system 
Ohy gs kt pr a 
Tap ee As (ty = 1,2) (3.D.2) 
of n® linear partial differential equations in 2? variables hj in the space R"+! of 
independent variables t, a', -.-,a"—the a}, -.., a" being treated as parameters. 
Given the initial conditions 


hX0, al, -, a") = 0, 


the equations (3.D.2) have unique (analytic) solutions h(t, a!, -, a") valid 
throughout R"+, 


Observe that 
ah} ae 
( ot Dg ay be: ue 
Hence, 
hi(t, 0, +=, 0) = Sit. 
In particular, 


AY(1, 0, +, 0) = 3) 
Now, define n linear differential forms w‘ by 
wt = hida’. 


In terms of the w‘, 2-forms A‘ and 1-forms «' (both sets independent of df) are 
defined by the equations 


dwt = + dt A af, (3.D.3) 
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Indeed, 


Jj 
a =1 (2) dw) = oe da® = dai + akch wr". 


Differentiating the equations (3.D.3) we obtain 


dt = dt (\ dot. 
On the other hand, 


dof = chai A w? — aki ci.w? A w? + atch, + atch, dt A of. 


It follows that 


t (4) dod = akel at 
and 
t ( é ) dM = ch ak A wt + akci WT — ated ch wt Aw’. 
Put 
G = A — decjwi A at. 
Thus, 


t (=) doi = akc! 6. 


On the other hand, by setting 


6 = $f},dai / da*, 
Hie =a'c, fi. (3.D.4) 


Since h5(0, a, ---, a") = 0, it follows that f;,(0, a, ---, a") = 0. Consequently, 
by (3.D.4) the fj, vanish for all t, and so the 6 vanish identically. Hence, 


A= $ chy /\ wo, 
Now, consider the map 
@: RX —> Rr 
defined by 
d(x}, ooo x”) = (1; et wey x”) 
and set 
ot = d*w!, 
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Then, the o! are 1-forms in R® and 
dot = }c5,0/ A ot. 


The linear independence of the ot is shown by making use of the fact that 
when a’ = 0,4 = 1, ++, 7, 


of = Ai(1, 0, «+, 0) dx’. 


E. The homogeneous space SU(3)/SO(3) 


1. Show that a compact symmetric space admitting a vector field generating 
globally a l-parameter group of non-isometric conformal transformations is 
isometric with a sphere. 

Hint: Apply the following theorem: Jf a compact simply connected symmetric 
space is a rational homology sphere, it 1s isometric with a sphere except for 
SU(3)/SO(3) [82]. The exceptional case may be disposed of as follows: Let G 
be a compact simple Lie group, o + identity an involutary automorphism of G 
(cf. VILE.1) and H the subgroup of G consisting of all elements fixed by o. Then, 
there exists a unique (up to a constant factor) Riemannian metric on G/H 
invariant under G. With respect to this metric, G/H is an irreducible symmetric 
space (that is, the linear isotropy group is irreducible). Hence, G/# is an Einstein 
space. But a compact Einstein space admitting a non-isometric conformal transforma- 
tion 1s isometric with a sphere [77]. 

Let G be the Lie algebra of SU(3) consisting of all skew-hermitian matrices 
of trace 0 and H the Lie algebra of SO(3) consisting of all real skew-hermitian 
matrices of trace 0. Let o denote the map sending an element of SU(3) into 
its complex conjugate. Since SU(3)/SO(3) is symmetric and simply connected, 
its homogeneous holonomy group is identical with G/H. It follows that the 
action of SO(3) on G/H is irreducible. Hence SU(3)/SO(3) is irreducible. 

That SU(3)/SO(3) does not admit a non-isometric conformal transformation 
is a consequence of the fact that it is not isometric with a sphere in the given 
metric, 


F. The conformal transformation group [79] 


1. Show that a compact homogeneous Riemannian manifold M of dimension 
n > 3 which admits a non-isometric conformal transformation, that is, for 
which C)(M) 4 I)(M) (cf. §3.7) is isometric with a sphere. 

To see this, let G = J,(M) and M = G/K. The subgroup K need not be 
connected. Since G is compact, it can be shown that the fundamental group 
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of M is finite. Indeed, the first betti number of M is zero by theorem 3.7.5. 
Secondly, M is conformally flat provided n > 3. For, if X is an infinitesimal 
conformal transformation 


HX) <C, C> = (A(X) C, C> + 4 8¢ <6, C 
4 


where C is the conformal curvature tensor. This formula is an immediate 
consequence of (3.7.4) and the fact that 0(X)C = 0. The manifold M being 
homogeneous, and the tensor C being invariant by I)(//), <C, C> is a constant. 
Therefore, if X is not an infinitesimal isometry, 5£ 4 0, from which <C, C> = 0, 
that is, C must vanish. Hence, if m > 3, M is conformally flat. 

Let M be the universal covering space of M. Since, the fundamental group 
of M is finite, M is compact. Since M is conformally flat, so is M. Thus, 
is isometric with a sphere. We have invoked the theorem that a compact, simply 
connected, conformally flat Riemannian manifold is conformal with a sphere [83]. 
The manifold M is consequently an Einstein space. It is therefore isometric 
with a sphere (cf. ITI.E.1). 


CHAPTER IV 


COMPACT LIE GROUPS 


The results of the previous chapter are now applied to the problem 
of determining the betti numbers of a compact semi-simple Lie group G. 
On the one hand, we employ the facts on curvature and betti numbers 
already established, and on the other hand, the theory of invariant 
differential forms. It turns out that the harmonic forms on G are precisely 
those differential forms invariant under both the left and right trans- 
lations of G. The conditions of invariance when expressed analytically 
reduce the problem of the determination of betti numbers to a purely 
algebraic one. No effort is made to compute the betti numbers of the 
four main classes of simple Lie groups since this discussion is beyond 
the scope of this book. However, for the sake of completeness, we give 
the Poincaré polynomials in these cases omitting those for the five 
exceptional simple Lie groups. 

Locally, G has the structure of an Einstein space of positive curvature 
and this fact is used to prove that the first and second betti numbers 
vanish. These results are also obtained from the theory of invariant 
differential forms. The existence of a harmonic 3-form is established 
from differential geometric considerations and this fact allows us to 
conclude that the third betti number is greater than or equal to one. 
It is also shown that the Euler-Poincaré characteristic is zero. 


4.1. The Grassman algebra of a Lie group 


Consider a compact (connected) Lie group G. Its Lie algebra L 
has as underlying vector space the tangent space 7, at the identity e € G. 
We have seen (§ 3.6) that an element A e T, determines a unique left 
invariant infinitesimal transformation which takes the value A at e; 
moreover, these infinitesimal transformations are the elements of L. 
Let X,(a = 1, --, m) be a base of the Lie algebra L and w*(a = 1, ---, 2) 
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the dual base for the forms of Maurer-Cartan, that is the base such that 
w*(X 4) = 83 (a, 8 = 1, ++, 2). (In the sequel, Greek indices refer to vectors, 
tensors, and forms on JT, and its dual.) A differential form « is said 
to be left invariant if it is invariant by every L,(a € G), that is, if Lka =a 
for every a e G where L% is the induced map in A(T*). The forms of 
Maurer-Cartan are left invariant pfaffian forms. For an element X e L 
and an element « in the dual space, «(X) is constant on G. Hence, by 
lemma 3.5.2 


iX A Y, da) = — a [X,Y]) (4.1.1) 
where X, Y are any elements of ZL and « any element of the dual space. 
If we write 

[Xp X,] = Cy? Xan (4.1.2) 
then, from (4.1.1) 


dw* = — SC! Kw”, (4.1.3) 


The constants C,,” are called the constants of structure of L with respect 
to the base {X,, -, X,}. These constants are not arbitrary since they 
must satisfy the relations 


[Xa X,] + [Xs X,] =9 (4.1.4) 
and 


[X.. [Xs X,]] + [Xp (X,, X.]] + (X,, (Xe Xe] =0, (4.1.5) 
a, B, y = 1, -+, 2, that is 
Cp,” + Cys =0 (4.1.6) 
and 
Cy Cy HC Ce Oe Cy =. (4.1.7) 


The equations (4.1.3) are called the equations of Maurer-Cartan. 
Since the induced dual maps Lx (a e G) commute with d, we have 


L*- da = dLfa = da 


for any Maurer-Cartan form a, that is, if « is a left invariant 1-form, 
dx is a left invariant 2-form. This also follows from (4.1.3). More 
generally, if A,,...2, are any constants, the p-form A, a, OTA. A w% 
is a left invariant differential form on G. That any left invariant diffe- 
rential form of degree p > 0 may be expressed in this manner is clear. 
A left invariant form may be considered as an alternating multilinear 
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form on the Lie algebra L of G. We may therefore identify the left 
invariant forms with the homogeneous elements of the Grassman algebra 
associated with ZL. The number of linearly independent left invariant 
p-forms is therefore equal to (5). 


Lemma 4.1.1. The underlying manifold of the Lie group G 1s orientable. 


Indeed, the n-form w! A... A w” on G is continuous and different 
from zero everywhere. G may then be oriented by the requirement 
that this form is positive everywhere (cf. § 1.6). 

The Lie group G is thus a compact, connected, orientable analytic 
manifold. 


4.2. Invariant differential forms 


For any X EL, let ad(X) be the map Y—[X, Y] of L into itself. 
It is clear that X —> ad(X) is a linear map, and so, since 


ad({X,,X_])¥ = [[X1X2],¥] = — [LX ¥)4] — [[¥,%1)-%2] 

= (ad(X,)ad(X,) — ad(X,)ad(X,))Y 
we conclude that X — ad(X) is a representation. It is called the adjoint 
representation of L (cf. § 3.6). 


Let 6(X) be the (unique) derivation of A(T.) which coincides with 
ad(X) on T, = A\(T,) defined by 


A(X) (X, Aw. AX) = > NN A A 


al 
Define the endomorphism 6(X) (X ¢€ L) of A(TZ) by 
KX A A Xp, — HX) (at A... A a) 
KOO) (AA zn A A seedy PY 
where al, ---, «? are any elements of A1( 7%) (cf. II.A.4). 
Lemma 4.2.1. 0(.X) is @ derivation. 


If 43 denotes the minor obtained by deleting the row « and column 
B of the matrix (<X,, «*)), 


KX Aw A Xp, — OX) (od A we A 2P)D 
= (HX) (XA. A Xp), 8 A oe A 2?) 


= > XA A [XX] Ae A Xp ot A oe A o> 


yel 
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= (ad(X) Xp, a) A? 
= (Xp, — HX) a> AG 
Pp 
=D AXA A Xp Ae A — OX) 0” Au. A 0?) 


y=l 
It follows that 


P 
AX) (ad A Ao?) = Yok Ae A AX) 0% Aw A 0, 
y=) 
that is, 6(X) is a derivation. 
Lemma 4.2.2. 6(.X,)w* = C,,"w”. 


Indeed, 
(X,, — (Xp)w® = (O( Xp) X,, w® 


= ([Xp,X,], w*> 
= Cs,? «Xp, w*> 
= Cp," 
Lemma 4.2.3. 0X) = di(X) + 1(X)d. 
It suffices to verify this formula for forms of degree 0 and 1 in A(T¢) 
—the Grassman algebra associated with Z. The identity is trivial for 


forms of degree 0 since they are constant functions. In degree 1 we 
need only consider the forms w*. Then, 6(X,)w* = C,,’w”. But, 


(di(Xq) + i(Xp)d) w* = i(X,) deo 

= — $1(X,) C,,* w” A w? 
= — $C,,* (i(X,) w? A w? — w? i(X,) w) 
=o (Co, w? — C,p% ws) 
= C4 w”, 

Corollary 4.2.3. 6(X)d = d@(X). 

Lemma 4.2.4. d = $e(w*)0(X,). 

It is only necessary to verify this formula for the forms of degrees 


0 and | in A(7T*). Again, since the forms of degree 0 are the constant 
functions on G both sides vanish. For a form of Maurer-Cartan w? 


$e(w*)0(X,) we =$e(w*) Cs w? 


=— $C,,° wt Aw” 
= dw, 
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Let 8 be an element of A(T?) Then, § is a left invariant ele on G, 
and so may be expressed in the form B= By, ON ow Aw 
where the coefficients are constants. Applying lemma "4.2.2 we obtain 
the formula 


D 
OX,)B = > 12 Ae eer eee Coat wH Awe A w%, 
rm 


It follows from lemma 4.2.4 that 


D 
dp = ze Bas-csns-sptrsyresty Capa? ON 0% A oer A a, 

An element 8 of the Grassman algebra of G is said to be L-invartant 
or, simply, invariant if it is a zero of every derivation 6(X), Xe L, that is, 
if 0(X)8 = 0 for every left invariant vector field X. Hence, an invariant 
differential form is bi-invariant. 

Proposition 4.2.1. An invariant form is a closed form. 

This is an immediate consequence of lemma 4.2.4. 


Remark: Note that the operator 6(X) of § 3.5 coincides with the 
operator 6(X) defined here on forms only. 


4.3. Local geometry of a compact semi-simple Lie group 


From (4.1.2) it is seen that the structure constants are the components 
of a tensor on T, of type (1,2). A new tensor on 7, is defined by the 


components 
Sap = Cue Cop” (4.3.1) 


relative to the base X,(« = 1, -", ). It follows from (4.1.6) and (4.1.7) 
that this tensor is symmetric. It can be shown that a necessary and 
sufficient condition for G to be semi-simple is that the rank of the matrix 
(g.8) is n. (A Lie group is said to be semi-simple if the fundamental 
bilinear symmetric form—trace ad X ad Y is non-degenerate). Moreover, 
since G is compact it can be shown that (g,4) is positive definite. 

The tensor defined by the equations (4.3.1) may now be used to raise 
and lower indices and for this purpose we consider the inverse matrix 
(g**). The structure constants have yet another symmetry property. 
Indeed, if we multiply the identities (4.1.7) by C,,* and contract we 
find that the tensor 

Cub = Bog Cas” (4.3.2) 


is skew-symmetric. 
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In terms of a system of local coordinates u!, ---, u” the vector fields 
X,(« = 1,°,m) may be expressed as X, = £1(/éu'). Since G is 
completely parallelisable, the » x m matrix (€{) has rank n, and so, if 
we put 


gi = & one” (4.3.3) 
the matrix (g“’) is positive definite and symmetric. We may therefore 
define a metric g on G by means of the quadratic form 

ds? = p., dui dué (4.3.4) 


where the g,, are elements of the matrix inverse to (g*). Again, the metric 
tensor g may be used to raise and lower indices in the usual manner. 
It should be remarked that the metric is completely determined by 


the group G. 

We now define nm covariant vector fields v%(~ = 1, -, 2) on G with 
components £7(i = 1,-,”) (relative to the given system of local 
coordinates) by the formulae 

=e bee (4.3.5) 

It follows easily that 
f= 8; and ef = 8. (4.3.6) 
However, it does not follow that, in the metric g the X,(a = 1, «*:, 2) are 


orthonormal vectors at each point of G. 
A set of n? linear differential forms w; = I'j,du* is introduced in 
each coordinate neighborhood by putting 


ri, = gf 28. (4.3.7) 


By virtue of the equations (4.3.6) the I}, may be written as 


OE% pa 


Dn = ~ ay &- 


It is easily verified that equations (1.7.3) are satisfied in the overlap 
of two coordinate neighborhoods. The n? forms w} in each coordinate 
neighborhood define therefore an affine connection on G. The torsion 
tensor 7;,‘ of this connection may be written as 


T,ia+ ¢ (28 a) (4.3.8) 


je OD Sa \Ouk ~ Bui 


(The factor 4 is introduced for reasons of convenience (cf. 1.7.18)). 
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Since the equations (4.1.2) may be expressed in terms of the local 
coordinates (u*) in the form 


7 a€, r as 
faa — fa = Coy bay (4.3.9) 


it is easy to check that 
Ti =4Co, £2 & Et (4.3.10) 
from which we conclude that the covariant torsion tensor 
Tye = i Tix’ (4.3.11) 
is skew-symmetric. It follows from (1.9.12) that 
Dip = { a} a Ti. 


where the {,*,} are the coefficients of the Levi Civita connection. Hence, 
from (4.3.7) 


t é 3 é k 
bia sz a(S See), (4.3.12) 


Lemma 4.3.1. The elements of the Lie algebra L of G define translations 
in G. 
Indeed, from (4.3.12) and (4.3.8) 
DG=Th & (4.3.13) 


where D,, is the operator of covariant differentiation with respect to the 
Levi Civita connection. Multiplying these equations by é! and con- 
tracting we obtain 


— GD. ge = Tp 
Again, if we multiply by £3 and contract, the result is 
“Dy €5 = Tas’ &p. (4.3.14) 
These equations may be rewritten in the form 
Def = Tu’ & 


from which we conclude that 6(X,)g = 0. 
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4.4. Harmonic forms on a compact semi-simple Lie group 


In terms of the metric (4.3.4) on G the star operator may be defined 
and we are then able to prove the following 


Proposition 4.4.1. Let « be an invariant p-form on G. Then, 

(i) dx is invariant; 

(ii) *a ts invariant, and 

(iii) ¢f « = dB, B ts invariant. 

let X be an element of the Lie algebra L of G. Then, 0(X)d« = 
d0(X)x = 0; OX)ka = *6(X)x = 0 by formulae (3.7.7) and (3.7.11). 
Hence, (i) and (ii) are established. By the decomposition theorem of § 2.9 
we may write « = ddGa where G is the Green’s operator (cf. II.B.4). 
Since 6 = (— 1)"?+"+1xd* on p-forms we may put a = dxdy where y 
is some (n — p)-form. Then, 0 = @(X)«a = O(X)dxdy = dO(X)*dy 
= dx6(X)dy = dxd&X)y, from which 8d0(X)y = (— 1)" +)xdxd0(X)y 
= 0. Since (8d0(X)y, &(X)y) = (d8(X)y, d6(X)y) and (X)dy = dO(X)y, 
dy is invariant. Thus, from (ii), «dy is invariant. This completes 
the proof of (iii). 


Proposition 4.4.2. The harmonic forms on G are invariant. 
This follows from lemma 4.3.1 and theorem 3.7.1. 


Proposition 4.4.3. The invariant forms on G are harmonic. 
Indeed, if 8 is an invariant p-form it is co-closed. For, by lemma 4.2.4, 
BB = (— 1yrerindnp =} (— 1noenree(ot) (X,)¥8 
$ (— 1) tte(wt) et X,)4B 


~ > (X,) (X,) B = 0. (4.4.1) 


a=] 


Hence, by prop. 4.2.1, 8 is harmonic. 
Note that prop. 4.4.1 is a trivial consequence of prop. 4.4.3. 
Therefore, in order to find the harmonic forms 8 on a compact Lie 
group G we need only solve the equations 
Pp 
> DB iia ie Abe Can =0 (4.4.2) 


r=1 


where 8 = B,....., 0% A... A ws, The problem of determining the 
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betti numbers of G has as a result been reduced to purely algebraic 
considerations. 
Remarks : In proving prop. 4.4.3 we obtained the formula 


8 = — FY xX) 
thereby showing that 8 is an renee in A(TS). (The proposition 
could have been obtained by an application of the Hodge-de Rham 
decomposition of a form). It follows that the exterior product of harmonic 
forms on a compact semi-simple Lie group is also harmonic. 


Theorem 4.4.1. The first and second betti numbers of a compact semi- 
simple Lie group G vanish. 

Let 8 = B,w* be a harmonic 1-form, Then, from (4.4.2), B, Ct ef =0. 
Multiplying these Saueone by C,% = g%” C,,% and contracting ‘results 
in B, = 0, = 1, --, 0. 

if a= A, w* A w® is a harmonic 2-form, then by (4.4.2) 


Ayg Cu? + Ag Coy? =0, y= 1,0. (4.4.3) 
Permuting «, 8 and y cyclically and adding the three equations obtained 
gives 

Agp Cay? + Aga Cyp? + Any Coa’? = 0, 
and so from (4.4.3) 

A, Cpa? =0, y=l,,n 
Multiplying these equations by C,*° results in A,, = 0 (y, 5 = 1, --, 2). 
Suppose G is a compact but not necessarily semi-simple Lie group. 

We have seén that the number of linearly independent left invariant 


differential forms of degree p on G is (3). If we assume that 6,(G) = (5), 
then the Euler characteristic y(G) of G is zero. For, 


x(G) = py (— 1?) =0. 


(This is not, however, a special implication of 6,(G) = (5) (cf. theorem 
4.4.3)). 

A compact (connected) abelian Lie group G has these properties. 
For, since G is abelian so is its Lie algebra L. Therefore, by (4.1.2) 
its structure constants vanish. A metric g is defined on G as follows: 


g” =5; foe 


on 
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Now, by lemma 4.2.2, 0(X,)w* = 0, a, 8 = 1, °-, m, that is the w* are 
invariant. Hence, by the proof of prop. 4.4.3 they are harmonic with 
respect to g. Since 0(X), X eL is a derivation, 0(X)& = 0 for any left 
invariant p-form «. We conclude therefore that 6,(G) = (f). 


Theorem 4.4.2. A compact connected abelian Lie group G is a multi-torus. 

To prove this we need only show that the vector fields X,(a = 1, +, ) 
are parallel in the constructed metric. (This is left as an exercise for the 
reader.) For, by applying the interchange formulae (1.7.19) to the 
X (a = 1, ++, m) and using the fact that the X, are linearly independent 
vector fields we conclude that G is locally flat. However, a compact 
connected group which is locally isomorphic with E” (as a topological 
group) is isomorphic with the n-dimensional torus. 

We have seen that the Euler characteristic of a torus vanishes. It is 
now shown that for a compact connected semi-simple Lie group G, 
x(G) = 0. Indeed, the: proof given is valid for any compact Lie group. 
Let v, denote the number of linearly independent left invariant p-forms 
no linear combination of which is closed; v,_, is then the number 
of linearly independent exact p-forms. Since the dimension of A?(7*) 
is (5) we have by the decomposition of a p-form 


Wp) A yadoiss 
Hence, (b) ( ig ep 


Gye 2 1)? 6,(G) 


=D (1) + DH es, + (— Py 
p=0 p=0 p=1 
es (= beet Yn — Yor 
and so, since ») =v, = 0, x(G) = 0. 


Theorem 4.4.3. The Euler characteristic of a compact connected Lie 
group vanishes. 


4.5. Curvature and betti numbers of a compact semi-simple Lie 
group G 


In this section we make use of the curvature properties of G in order 
to prove theorem 4.4.1. We begin by forming the curvature tensor 
defined by the connection (4.3.7). Denoting the components of this 
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tensor by E%,,, with respect to a given system of local coordinates 
wu}, +, u™ we obtain 


Eby = Roa + D, Ty! — Dy Taf + Tal Trt — Ty? Tal 


where the R‘,,, are the components of the Riemannian curvature tensor. 
Since the Et,,, all vanish and since D,7;,' = 0, it follows from the 
Jacobi identity that 


Rix = Try Dj: (4.5.1) 
By virtue of the equations (4.3.1) and (4.3.10) 
Ty? Ty” = 4850 


Hence, forming the Ricci tensor by contracting on z and 7 in (4.5.1) 


we conclude that 
Ry = £8 in: (4.5.2) 


It follows that G is locally an Einstein space with positive scalar curvature, 
and so by theorem 3.2.1, the first betti number of G is zero. 
In order to prove that 5,(G) is also zero we establish the following 


Lemma 4.5.1. In a coordinate neighborhood U of G with the local 
coordinates (u*) (¢ = 1, ---, n), we have the inequalities 


OZ Ratt Oe —F<b-6> 


where the £,;—= — &, are functions in U defining a skew-symmetric 
tensor field & of type (0,2) and€ = &,,, du’ \\ dui [74]. 

In general, the curvature tensor defines a symmetric linear trans- 
formation of the space of bivectors (cf. I.I.). The above inequality says 
it is negative definite with eigenvalues between 0 and — 4. 

Since the various sides of the inequalities are scalar functions on G 
the lemma may be proved by choosing a special system of local 
coordinates. In fact, we fix a point O of G and choose (geodesic) 
coordinates so that at O, g,; = 6,;. Then, since 


n ‘ 
q pease 
> Tsre Devs —~ 4 8 sks 


rT, s=1 


>, 2V2 Ts.) (2V2 Tare) = 845 


r<s 


and so the 2V2 Tyre (7 <5, j = 1, -, 2) represent n orthonormal vector 
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fields in E™("~)/?, We denote by T4,,(r <s, A =n -+ 1, +, n(n — 1)/2), 
(n(n — 1)/2) — » orthonormal vectors in E”™-1)/2 orthogonal to the 


vectors 7;,,. Hence, 


n(n—1)/2 


> (20/2 Tiss) (2V2 Tis) + >, Tija Tyra = S¢ei cea) 


s=l A=n+1 


fori <j, k <1 (8(gj)y) = 1 if 7 = &, j = land vanishes otherwise), 
and so 


8D (2 Tyjs fu) at 3 (2 Tia bu) = (é,,). 


We may therefore conclude that 


ppp Dai Tee Ser bea S $ CEMED: 


s=1 i,j kL 


This completes the proof. 
A straightforward application of theorem 3.2.4 shows that 5,(G) = 0 
by virtue of the lemma and formula (4.5.2), 


Theorem 4.5.1. 6,(G) = 1. 
For, the torsion tensor (4.3.11) defines a harmonic 3-form on G. 
For more precise information on 6,(G) the reader is referred to 


(IV.B). 


4.6. Determination of the betti numbers of the simple Lie groups 


We have seen that a p-form on a compact semi-simple Lie group G 
is harmonic, if and only if, it is invariant and therefore, in order to 
find the harmonic forms 8 on G, it 1s sufficient to solve the equations 
(4.4.2) for the coefficients B,...0, of B. 

A semi-simple group is the direct product of a finite number of simple 
non-commutative groups. (A Lie group is said to be simple if there are 
no non-trivial normal subgroups). Hence, in order to give a complete 
classification of compact semi-simple Lie groups it is sufficient to 
classify the compact simple Lie groups. There are four main classes 
of simple Lie groups: 

1) The group A, of unitary transformations in (/-+ 1)-space of 
determinant + 1; 
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2) The group B;: this is the orthogonal group in (2/ + 1)-space the 
elements of which have determinant + 1; 

3) The group C;: this is the symplectic group in 2/-space, that is C, 
is the group of unitary transformations leaving invariant the skew- 
symmetric bilinear form 224, a,x;y; where the coefficients are given by 
oy—1,¢ == — oy op—-1 = | with all other a,; = 0; 


4) The group D, of orthogonal transformations in 2/-space (/ = 3, 
4, --:), the elements of which have determinant + 1. 


There are also five exceptional compact simple Lie groups whose 
dimensions are 14, 52, 78, 133, and 248 commonly denoted by G,, 
F,, E,, E,, and E,, respectively. 

The polynomial po(t) = by) + b,¢-+ + + 6,2" where the 6; (¢ = 
Q, --+, ) are the betti numbers of G is known as the Poincaré polynomial 
of G. Let G = G, x »: xX G,, where the G, (i = 1, ---, 2) are simple. 
Then, it can be shown that 


Palt) = Pat) -. Pad) (4.6.1) 


where p,(t) is the Poincaré polynomial of G,. Therefore, in order to 
find the ‘betti numbers of a compact semi- simple Lie group we first 
express it as the direct product of simple Lie groups, and then compute 
the Poincaré polynomials of these groups, after which we employ the 
formula (4.6.1). 

Regarding the topology of a compact simple Lie group we already 
know that (a) it is orientable; (b) b, = 5, = 0, d, = 1 and, therefore, 
since the star ise : an isomorphism (or, by Poincaré duality) 
bn» = b,_, = 0, b,-, = 1; (c) the Euler characteristic vanishes. 

We conclude this chapter by giving (without proof) the Poincaré 
polynomials of the four main classes of simple Lie groups: 


pat) =(1 +) +2). (1 +), 
Pat) =(1 +2) (1 +2) (Le), 
Pot) = (1+ 8) +27). +), 
Po(t) = (1+ 8)(1 +) 1 PML $9), > 2. 


Remark: A, = B, = C,, B, = C, and A, = Dj. 
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EXERCISES 


A. The second betti number of a compact semi-simple Lie group 


1. Prove that b,(G) = 0 by showing that if « is an harmonic 2-form, then i(X)« 
vanishes for any X e L. Make use of the fact that 5,(G) = 0. 


B. The third betti number of a compact simple Lie group [48] 


1. Let O(L) denote the vector space of invariant bilinear symmetric forms on L, 
that is, the space of those forms g such that 


(X,Y) = (YX) and g(&Z)X,Y) = g(X,0(Z)Y) 
for any X,Y,Z € L. To each g € O(L) we associate a 3-form «(g) by the condition 
CX ANY A Z, 0(9)> = (AX)Y,Z). 
Evidently, the map 
q — a(q) 
is linear. 


2. For each g € Q(L) show that a(q) is invariant, and hence harmonic. 


3. Since the derived algebra [L,L] = {[X,Y] | X,Y eL} coincides with L, 
the map ¢ — a(q) of 
QL) > Ag(T™) 


is an isomorphism into, Show that it is an isomorphism onto, Hence, 5,(G) = 
dim Q(L). 

Hint: For any element « € A 3(T*) and X é L, i(X)a is closed. Since b,(G) = 0, 
there is a 1-form 8 = 8x such that i(X)o = dB. Now, show that 


d(Y)Bx = dBry xy 
that is 
AY )Bx = Bry, x 


Finally, show that the bilinear function 
WX,Y) rian ¢X, By> 


is invariant. 


4. Prove that if G is a simple Lie group, then 5,(G) = 1. 


CHAPTER V 


COMPLEX MANIFOLDS 


In a well-known manner one can associate with an irreducible curve V, 
a real analytic manifold M? of two dimensions called the Riemann 
surface of V,. Since the geometry of a Riemann surface is conformal 
geometry, MM? is not a Riemannian manifold. However, it is possible to 
define a Riemannian metric on M? in such a way that the harmonic 
forms constructed with this metric serve to establish topological in- 
variants of M*. In his book on harmonic integrals [39], Hodge does 
precisely this, and in fact, in seeking to associate with any irreducible 
algebraic variety V,, a Riemannian manifold M*" of 2” dimensions he is 
able to obtain the sought after generalization of a Riemann surface 
referred to in the introduction to Chapter I. The metric of an M?" has 
certain special properties that play an important part in the sequel 
insofar as the Harmonic forms constructed with it lead to topological 
invariants of the manifold. The approach we take is more general and 
in keeping with the modern developments due principally to A. Weil 
[70, 72]. We introduce first the concept of a complex structure on a 
separable Hausdorff space M in analogy with §1.1. In terms of a 
given compléx structure a Riemannian metric may be defined on M. 
If this metric is torsion free, that is, if a certain 2-form associated with 
the metric and complex structure is closed, the manifold is called a 
Kaehler manifold. As examples, we have complex projective n-space P, 
and, in fact, any projective variety, that is irreducible algebraic variety 
holomorphically imbedded without singularities in P,,. 

The local geometry of a Kaehler manifold is studied, and in Chapter VI, 
from these properties, its global structure is determined to some extent. 
In Chapter VII we further the discussions of Chapter III by considering 
groups of transformations of Kaehler manifolds—in particular, Kaehler- 
Einstein manifolds. It may be said that of the diverse applications of the 
theory of harmonic integrals, those made to Kaehler manifolds are 
amongst the most interesting. 
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5.1. Complex manifolds 


A complex analytic or, simply,a complex manifold of complex dimension 
n is a 2n-dimensional topological manifold endowed with a complex 
analytic structure. This concept may be defined in the same way as the 
concept of a differentiable structure (cf. §1.1)—the notion of a holo- 
morphic function replacing that of a differentiable function. Indeed, 
a separable Hausdorff space M is said to have a complex analytic structure, 
or, simply, a complex structure if it possesses the properties: 


(i) Each point of M has an open neighborhood homeomorphic 
with an open subset in C,,, the (number) space of » complex variables; 
that is, there is a finite or countable open covering {U,}, and for each 
a, a homeomorphism u, : U,—> C,; 

(ii) For any two open sets U, and U, with non-empty intersection 
the map u,uz}: u,(U, A Ug) > C, is defined by holomorphic functions 
of the complex coordinates with non-vanishing Jacobian. 

The z complex functions defining w, are called local complex coordinates 
in U,. The concept of a holomorphic function on M or on an open subset 
of M is defined in the obvious way (cf. V.A.). Every open subset of M 
has a complex structure, namely, the complex structure induced by 
that of M (cf. §5.8). 

A complex manifold possesses an underlying real analytic structure. 
Indeed, corresponding to local complex coordinates 2}, ---, 3" we have 
real coordinates x}, ---, x”, y!, -", y™ where 


ak = xb tf — 1 yk, 


moreover, in the overlap of two cvordinate neighborhoods the real 
coordinates are related by analytic functions with non-vanishing 
Jacobian (cf. V.A.). 

Any real analytic function may be expressed as a formal power 
seriés in, 6}, ©, 2") 21, o-, 2™ by putting 


wa St +a), gt = ot) 
where 2* denotes the complex conjugate of z*. Consequently, whenever 
real analytic coordinates are required we may employ the coordinates 
zh, pee Bn. 3, ney gn, 

For reasons of motivation we sacrifice details in the remainder of 
this section, clarifying any misconceptions beginning with § 5.2. 

We consider differential forms of class «© with complex values on a 
complex manifold. Let U be a coordinate neighborhood with (complex) 
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coordinates 21, ---, 2”. Then, the differentials dz}, ---, dz” constitute a 
(complex) base for the differential forms of degree 1. It follows that a 
differential form of degree p may be expressed in U as a linear 
combination (with complex-valued coefficients of class ©) of exterior 
products of p-forms belonging to the sets {dz} and {dz*}. A term 
consisting of g of the {dz} andr of the {d3*} with ¢ +7 =p is said 
to be of bidegree (q,r). A differential form of bidegree (g,7) is a sum 
of terms of bidegree (q,7). The notion of a form of bidegree (g, r) is 
independent of the choice of local coordinates since in the overlap of 
two coordinate neighborhoods the coordinates are related by holo- 
morphic functions. A differential form on M is said to be of bidegree 
(q, r) if it is of bidegree (g, 7) in a neighborhood of each point. 

It is now shown that a complex manifold is orientable. For, let z', ---, 2” 
be a system of local complex coordinates and set 2* = x* + V — lLy*, 
Then, the x‘ and y’ together form a real system of local coordinates. 


Since dz* A dz* = —2V— ldx* A dy*, 


n 


dx A... A dx® A dy A... A dy = Lag Noe Wida® Aide fon. (vat: 
It follows that the form 
v=1 : : 
O(z) = za a Niu A da” \ dB A. Ad 


is real. That M is orientable is a consequence of the fact that @ is defined 
globally up to a positive factor. For, let w, --, w" be another system 
of local complex coordinates. Then, 


dwt A... A du® = Jdzi A... A dz” 
where 
= aw, ..., wt) 
Joie Az. 2") 


Hence, da! A... A da” = J dz A... A d3" from which 


Ow) = JJO(z). 


To define © globally we choose a locally finite covering and a partition 
of unity subordinated to the covering. 

We have seen that a complex manifold is by definition even dimensional 
and have proved that it is orientable. These topological properties 
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however, are not sufficient to ensure that a separable Hausdorff space 
has a complex structure as may be shown by the example of the 4-sphere 
due to Hopf and Ehresmann [30]. It is beyond the scope of this book 
to display this example as it involves some familiarity with the theory 
of characteristic classes. 


Examples of complex mantfolds : 


1) The space of m complex variables C,,: It has one coordinate neigh- 
borhood, namely, the space of the variables 2}, ---, 2”. 

2) An oriented surface S admits a complex structure. For, consider a 
Riemannian metric ds? on S. Locally, the metric is ‘conformal’, that is, 
there exist isothermal parameters u, v such that ds? = A(du? + dv) with 
4 > 0. We define complex (isothermal) coordinates z, 2 by putting 
& = u-+ iv where the orientation of S is determined by the order (zu, v). 
In these local coordinates ds? = A dz dz. In terms of another system 
of isothermal coordinates (w, #), ds? = » dw dw. Since dw = a dz + b dz 
it follows that ab = ab = 0, from which, by the given orientation 6 = 0 
and dw = adz. We conclude that w is a holomorphic function of z. 
Hence, condition (ii) for a complex structure is satisfied. 

3) The Riemann sphere S?: Consider S? as CU o, that is as the one 
point compactification of the complex plane. A complex structure is 
defined on S? by means of the atlas: 


(U,, u,) = (C, +) where. is the identity map of C, 
(U2, ua) = (C — 0 Uo, 2) where 


Ua) =—,2 #0 
(co) = 0. 


In the overlap U, 1 U, = C — 0, u,uz! is given by the holomorphic 
function { = 1/z. 

4) Complex projective space P,: P, may be considered as the space 
of complex lines through the origin of C,,, (cf. §5.9 for details). It is 
the proper generalization to m dimensions of the Riemann sphere P,. 

5) Let I be a discrete subgroup of maximal rank of the group of 
translations of C,, and consider the manifold which is the quotient of 
C,, by I’; this is a complex multi-torus—the coordinates of a point of C, 
serving as local coordinates of C,/I" (cf. § 5.9). 

6) S%-1 x St: Let G denote the group generated by the trans- 
formation of C, — 0 given by (2}, ---, 2”) — (2z!, +, 22%). Evidently, 
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(C, — 0)/G is homeomorphic with S?"-1 x S! and has a complex 
structure induced by that of C, — 0. The group G is properly dis- 
continuous and acts without fixed points (cf. § 5.8). The quotient 
manifold (C,—0)/G is called a Hopf mantfold (see p. 167 and VII D). 

7) Every covering ot a complex manifold has a naturally induced 
complex structure (cf. § 5.8). 


5.2. Almost complex manifolds 


The concept of a complex structure is but an instance of a more 
general type of structure which we now consider. This concept may be 
defined from several points of view—the choice made here being 
geometrical, that is, in terms of fields of subspaces of the complexified 
tangent space. Indeed, a ‘choice’ of subspace of the ‘complexification’ 
of the tangent space at each point is made so that the union of the sub- 
space and its ‘conjugate’ is the whole space. The given subspace is then 
said to define a complex structure in the tangent space at the given 
point. More precisely, if at each point P of a differentiable manifold, 
a complex structure is given in the tangent space at that point, which 
varies differentiably with P, the manifold is said to have an almost 
complex structure and is itself called an almost complex manifold. 

With a vector space V over R of dimension n we associate a vector 
space V° over C of complex dimension 2 called its complexification as 
follows: Let V° be the space of all linear maps of V* into C where, as 
usual, V* denotes the dual space of V. Then, V° is a vector space over 
C, and since (V*)* can be identified with V, V°> V. An element 
ve V° belongs to V, if and only if, for all ae V*, a(v) e R. Briefly, 
V¢ is obtained from V by extending the field R to the field C. 

Let ¢ be an isomorphism of C,, onto V¢. The vector 3 = ¢(¢-*(v)), 
véV° is called the conjugate of v. The vector wv is said to be real if 
od = v. Clearly, the real vectors of V° form a vector space of dimension 
n over R. To a linear form a on V¢ we associate a form & on V* defined by 


a(v) =a(0), veVe 


The map aa is evidently an involutory automorphism of (V°)*. 

On the space V°, tensors may be defined in the obvious way. The 
involutory automorphism v—@, ve V° defines an involutory auto- 
morphism t— ?, t ¢(V°)g (the linear space of tensors of type (r, 0) on 
V‘). Every tensor on V (relative to GL(n, R)) defines a tensor on V°, 
namely, the tensor coinciding with its conjugate, with which it may be 
identified. Such a tensor on V° is said to be real. 


5.2. ALMOST COMPLEX MANIFOLDS 15! 


Now, let V be a real vector space of even dimension 2. A subspace W¢ 
of the complexification V° of V of complex dimension z is said to 
define a complex structure on V if 


Ve = We @ We 
where W¢ is the space consisting of all conjugates of vectors in W¢, 
In this case, an element vw ¢ V° has the unique representation 
v=w+t, w,w,6E We, 
Since 
B=, + WW, 


the (real) vectors v of V are those elements of V° which may be written 


in the form 
v=wid, weW, (5.2.1) 


We proceed to show that a complex structure on V may be defined 
equivalently by means of a certain tensor on V. Indeed, to every vector 
ve V there corresponds a real vector Ju € V defined by 


jo=V—lw+vV— lw 


wherev= w+ wv,we We, 
The operator J has the properties: 
(i) J is linear 

and 


(ii) Pe = JJo) = — 0. 


Moreover, J may be extended to V° by linearity. The operator J is a 
‘quadrantal versor’, that is, it has the effect of multiplying w by V — 1 
and @ by —\/ — 1. Thus_W” is the eigenspace of J for the eigenvalue 
Vv —1 and W that for the eigenvalue —+/ — 1. Hence, a complex 
structure on V defines a linear endomorphism J of V, that is, by § 1.2, 
a tensor on V, with the property 


es fF (5.2.2) 


where J is the identity operator on V. 

Conversely, let V be a real vector space of dimension m and J a 
linear endomorphism of V satisfying (5.2.2). Since a tensor on V defines 
a real tensor on the complexification V° of V, J may be extended to V*. 
We seek the eigenvectors and eigenvalues in V° of the operator /. 
For this purpose put 

jvu=2v, vevVve 
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Applying J to both sides of this relation gives 
—v = 2v, 


Hence, the eigenvalues are / — | and — */ — 1, and so since J is a 
real operator, that is Jo = Jd, the eigenvectors of — ~/ — | are the 
conjugates of those of 1/— 1. The vector space V must therefore be 
even dimensional, that is m = 2n. The eigenvectors of /— 1 form a 
vector space of complex dimension n which we denote by V}.° and those 
corresponding to — ~/ — | form the vector space V°-1 = V1°; moreover, 


V0 py Yor = {0}, 


that is V° = V4° © VY! (direct sum). Thus, the tensor J defines a 
complex structure on V. 
An element of the eigenspace V1° will be called a vector of bidegree 
(or type) (1,0) and an element of V°-! a vector of bidegree (or type) (0,1). 
A complex structure may be defined on the dual space of V in the 
obvious manner. The tensor product 


Ve @ ... OVE @V)* @ -.. © (V* 
t 


£ 


may then be decomposed into a direct sum of tensor products of vector 
spaces each identical with one of the spaces V1}:°, V1, V*1,9 and V*1, 
A term in this decomposition is said to be a pure tensor space and an 
element of such a space is called a tensor of type (271) if V° occurs 
g, times, V°! — 7, times, V*'° — g, times and V*%l — 7. times. 
A skew-symmetric tensor or, equivalently, an element of the Grassman 
algebra over V° (or (V°)*) is a sum of pure forms each of which is said 
to be of bidegree (4, 71) (or (q, 72)). For example, 


Ve ® Ve == yr.9 ® yi.o 3) V1.0 ® Yo. 3) yo. 2) yio 3) yo. 3) yo1, 
(2,0) (1,1) (1,1) (0,2) 


that is, an element of the tensor space V° @ V¢ is a sum of tensors 
of types (39), (64) and (9). We denote by A@* the space of forms of 
bidegree (q, 7). 

In the sequel, we shall employ the following systems of indices unless 
otherwise indicated: upper case Latin letters A, B,- run from 1, °", 2” 


and lower case Latin letters 7, j, --- run from 1, --,%; moreover, 7* =7i+ 7 
and (¢-+ 2)* = 1, 
Let {e,,°", @,} be a basis of V'°, Denote the conjugate vectors é; 


by e,., 7 = 1, '",. Apparently, they form a basis of V°1!, and since 
Ve = V19 © V!, the 2n vectors {e,, e;.} form a basis of V°. Such a 
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basis will be called a J-basts where J is the linear endomorphism defining 
the complex structure of V. Any two J-bases {e,, e;}, {e;, ej} are 
related by equations of the form 


= ae; lle = ae lye (5.2.3) 


where (a?) is a non-singular » x nm matrix with complex coefficients, 
that is (@%) is an element of the general linear group GL(n, C) satisfying 
ai. = a‘. With respect to a J-basis the tensor J has components F,4 
where 


Fi =V—-18, Fe =—-V—18), FisF*=0. (5.2.4) 


Hence, an element ve V (as a subset of V°) has the components (v*, v**) 
where v'* = d? and its image by J the components (Jv)f = V — lv%, 
(Jv) = — V — Ie. 

Consider the real basis {f;, f,.} defined in terms of the J-basis 
{e,;, €;.} of V*: 


at Mealy. 
fi = /2 (e; ah Cie); fr = —. fi = 2 (e; Cw). (5.2.5) 
Since 
eo Filth ae Sb ee ee WAC +V—1fe), (5.2.6) 


the vectors {f;, f;»}, 7 = 1, ++, n define a basis of V° as well as V. Con- 
versely, from a basis of V of the type {f;, f;-}, where f,. = Jf, we obtain 
from (5.2.6) a basis of V°, since &; = ej». 

If the matrix (a3) in (5.2.3) is written as (at) = (bt) + V — l(c) 
where (54), (ci) are n X n matrices, any two real bases of the type defined 
by (5.2.5) are related by a matrix of the form 


(03) (ci) 


GL(2n 
— (es) ‘al aon 


called the real representation of the matrix (a’). We remark that the 
determinant of the real representation of (a}) is | det(a}) |? > 0. 
With respect to the real basis {f,, f;.} the tensor J is given by the matrix 


=(98) 


154 Vv. COMPLEX MANIFOLDS 


It is easy to see that an element of GL(2n, R) belongs to the real repre- 
sentation of GL(n, C), if and only if, it commutes with /,,. 

A metric may be defined on V by prescribing a positive definite 
symmetric tensor g on V (cf. § 1.9). In terms of a given basis of V we 
denote the components of g by g4g. Suppose V is given the complex 
structure J. Then, an hermitian structure is given to V by insisting 
that J be an isometry, that is, for any v eV 


&( Jv, Jv) = g(v, 2). (5.2.7) 


An equivalent way of expressing this in terms of the prescribed base is 
given by 
Fao Fs? gop =8an OO FpAges = — gapFc*. (5.2.8) 


The tensors g and J are then said to commute. The space V endowed 
with the hermitian structure defined by J and the hermitian metric g 
is called an hermitian vector space. It is immediate from (5.2.7) and 
J? = —I that for any vector v, the vectors v and Jv are orthogonal. 
Let Fag = F4° ggc and consider the 2-form 2 on V defined in terms 

of a given basis of V by 
Q =F yp w4 Aw? (5.2.9) 


where the w4(A = 1, -:, 2m) are elements of the dual base. We define 
an operator which is again denoted by J on the space of real tensors ¢ 


of type (0, 2) b 
ea (Jt)ap = tac Fp°. (5.2.10) 


Denoting by J once again the induced map on 2-forms and taking 
account of (5.2.8) we may write JQ = g. 

The metric of any Euclidean vector space with a complex structure 
can be modified in such a way that the space is given an hermitian 
structure. To see this, let V be an Euclidean vector space with a complex 
structure defined by the linear transformation J. Define the tensor k 
in terms of J and the metric hk of V as follows: 


A(v, 2) ome h( Jo, Jv). 


Since the metric of V is positive definite, so is the quadratic form k 
defined by h, and therefore, the metric defined by 


g= H(A +k) 


is also positive definite. A computation yields 


&( Je, J) = &(%, Ve). 
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The 2-form 2 defined by J and g has rank 27. Indeed, the coefficients 
of @ are given by Fug = Bac F,°. 

Relative to a J-basis the metric tensor g has g;;. = gj+; as its only 
non-vanishing components as one may easily see from (5.2.8) and (5.2.4). 
Moreover, since g is a real tensor 


Siis = Sixx 


The tensor g on V’“ is then said to be self adjoint. 

More generally, let ¢ be a tensor and denote by J* the operation o 
starring the indices of its components (with respect to a J-basis). Then, 
if J*t—=t the tensor ¢ is said to be self adjoint. Evidently, this is 
equivalent to saying that ¢ is a real tensor. 

From (5.2.4) one deduces that the only non-vanishing components 
of the covariant form of the tensor J with respect to a J-basis are 


Prijs == 'V 1 giz, Pye = =Yy = 1 gj; (5.2.11) 
The form 92 then has the following representation 
2 = V— 1 Biz wt A w?”. (5.2.12) 


We also consider the tensor F4, = g4°Fo,. From (5.2.4) and 
(5.2.11) its only non-vanishing components (with respect to a J-basis) 
are 


—~V=18, FR =vV—1 8. 
Evidently, 


and 
FA, FC, = ~— 84, 


Thus, the tensor F4, defines a complex structure J on V called the 
conjugate of J. 

Let v, and v, be any orthogonal vectors on the hermitian vector 
space V. If we insist that v, be orthogonal to Jv, as well, then, from 
(52207), Vas Day Jv, and J. are mutually orthogonal. 

Let {f,, fi-}, = 1,-", where f,. = Jf; be a real orthonormal basis 
of V. Such a basis is asginved by the hermitian structure defined by 
J and g. Then, in terms of the J-basis {e,, e;.} defined by (5.2.6) 


Bless Cj) = 814, (5.2.13) 
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that is gy. = g(e;, é;+) = 6,;. The form 922 may then be written as 


Q=V-1D at Aut, (5.2.14) 
i=l 
A differentiable manifold M is said to possess an almost complex 
structure if it carries a real differentiable tensor field J of type (1, 1) 
(and class R) satisfying 


a 6 


(By § 1.2, the tensor field J may be considered as a linear endomorphism 
of the space of tangent vector fields on M). It follows that an almost 
complex structure is equivalently defined by a field of subspaces We 
(of class k and dimension n) of T* (the complexification of the space 
of tangent vector fields) such that 


To = We@ We (5.2.15) 


A manifold with an almost complex structure is said to be an almost 
complex manifold. 

Evidently, an almost complex manifold ts even dimensional. 

We now show that a complex mantfold M ts almost complex. Indeed, 
let U be a coordinate neighborhood of M with the local complex 
coordinates 2}, ---, 2". We have seen that M possesses an underlying 
real analytic structure and that relative to it z!, ---, 2%, 1, --, 2" may be 
used as local coordinates. Following the notation of § 5.1, we define 


a ly @ Q 7) 1 
ee a ge ae) ae a ae 
Let P be a point of U. Then, the differentials dz1, --:, dz”, dz}, +--, dz” 
at P define a frame in the complexification (T$)* of the dual space T} 
of the tangent space T; at P and by duality a frame {8/d2', 0/@2*} in TS. 
If P belongs to the intersection U m U’ of the coordinate neighbor- 
hoods U and U’ the differentials (dz*) and (dz’*) are related by 


dz’ = ai dz” (5.2.16) 
and their duals (@/@z*), (0/02) by 
B28 


22 =a; Dat (5.2.17) 


where (a}) € GL(n, C) is the matrix of coefficients 


Gels Ozt 
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It follows that the ” vectors (0/02*)p define a subspace W5 of T> and that 
Tp = Wp ® Wp, 


that is, these vectors determine a complex structure on Tp. Hence, at 
each point P e M a complex structure is defined in the tangent space 
at that point. Moreover, at a given point any two frames are related 
by equations of the form (5.2.3), that is, only those frames {.X, -, X,, 
Xy+, , Xp} are allowed which are obtained from the frame 


@ 080 2 
dz!’ *” Ga” az’? Oar 


by 
£ 7) * é i* a 
X; = b; Oe” Xj = bys Oe bys = B; . 
Hence, the complex structure on M defines a real analytic tensor field 
J of type (1, 1) on M. 

One may easily check that if a differentiable manifold possesses two 
complex structures, giving rise to the same almost complex structure, 
they must coincide. 

We have seen that a complex manifold is orientable. An almost 
complex manifold also enjoys this property, this being a consequence 
of the fact that for every neighborhood U of a point P of the manifold 
and at every point Q of U there exists a set of real vectors X), --, X,, 
such that X,, ---, X,, JX, °°, JX, are independent vectors; moreover, 
from (5.2.3) and (5.2.5) any two real bases of this type are related by a 
matrix of positive determinant. In other words, the existence of a J-basis 
(cf. 5.2.6) at each point ensures that the almost complex manifold is 
orientable (cf. § 5.1 for the dual argument). 

Let M be an almost complex manifold with the almost complex 
structure J. The almost complex structure is said to be integrable if M 
can be made into a complex manifold so that in a coordinate neighbor- 
hood with the complex coordinates (z*) operating with J is equivalent to 
transforming @/@z* and @/@z! into ~/— ] @/ézt and — V— 1 a/a%, 
respectively. It is not difficult to see that if the almost complex 
structure which is equivalently defined by the tensor field F4g of type 
(1, 1) in the (real) local coordinates (u4) = (2*, 2‘) is integrable, then 


0F4, @F4c\ 1p  (OF4—R AF An) ap 
(Sect — Feat) = (Geet See) Pee 2 
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One merely considers a J-basis with respect to which the functions 
F4, are given by (5.2.4). 

Conversely, if the almost complex structure given by J is of class 
1+a«(0 <a <1), that is, the derivatives are Holder continuous with 
exponent a, and if the structure tensor satisfies the (integrability) 
conditions (5.2.18), it is integrable [85]. The proof of this important fact 
is patterned after that of Newlander and Nirenberg [84] who assumed 
that the structure is of class 27 + «. Hence, in order that an almost 
complex structure define a complex structure it is not necessary that it 
be analytic or even of class o. For real analytic manifolds with real 
analytic F4, the above result follows from a theorem of Frobenius 
(cf. 1.D.4). For m = | the problem is equivalent to that of introducing 
isothermal parameters with respect to the metric 


ds? =| dz + pd |2, 


and Chern showed that this is possible even if the structure is of class «. 


5.3. Local hermitian geometry 


If at each point P of the complex manifold M of complex dimension n 
the tangent space 7p is endowed with an hermitian metric so that (as 
functions of local coordinates) the metric tensor g is of class 0, M is 
said to be an hermitian manifold. Evidently, such a manifold is also 
Riemannian. On the other hand, since the complex structure is defined 
by a tensor field J of type (1, 1), if the complex manifold M is given an 
‘arbitrary’ Riemannian metric, a new metric g can be found which com- 
mutes with J. The metric g together with the tensor field J is said to 
define an hermitian structure on M (cf. 5.2.8). In this way, it is seen 
that every complex manifold possesses an hermitian metric. The (local) 
geometry of an hermitian manifold is called hermitian geometry. 

In the same way as the bundle of frames with the orthogonal group 
as structural group is natural for the study of Riemannian geometry, 
the bundle of unitary frames, that is, the bundle of frames with the 
unitary group U(n) as structural group, is natural for hermitian geometry. 
Indeed, by a unitary frame at the point P « M we shall mean a J-basis 
{X1,-0, Xp, Xys, 7, Xpe} at P of the type satisfying (5.2.13), that is 


xX; ‘ Xj = 5:4, tJ = F “yn, 
where X,° Xj. = g(Xy, Xje). 
The collection of all such frames at all points P ¢ M forms a fibre 


bundle B over M with U(n) as structural group. A frame at P, that is an 
element of the fibre over P may be determined by means of a system of 
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local comples coordinates (z‘) at P by the natural basis {8/éz*}, 
i= 1,--,n of Tp° and the group U(n). In the notation of § 1.8, we put 


X ys = €k g 


a= (Og 


rs) 
k = 
on OgF ie l, sets The 
Since the vector X;. ¢ Tf} is the conjugate of X; € T}-°, ye = = fk, 
where we have written e for Tae By putting oe = &, = 0 these 
equations may be written in the abbreviated form 


4] 
X4 = Sot Oz” A,B => 1, oy A, L*, wala n*, 


The coefficients ,4, are the elements of a matrix in GL(n, C). However, 
they are not independent. For, they must satisfy the relation 


Ech Ech Sere = Buy, (5.3.1) 


where gy). = g(0/dz*, 0/08"). 

Let (é‘$’) denote the inverse matrix of (€3,). As in § 1.8 it defines 2” 
linearly independent differential forms 64 in B: In the overlap of the 
coordinate neighborhoods with the local coordinates (24, &4%,) and 
(2'4, €/2), we have by (1.8.3) 


; O28 
é a) on Q3/C &9. 
Hence, by (5.2.17) 
a) Oz? as Xe i 
geo = BAD oe 27 BY, ) 


The 2n covariant vector fields é‘g) therefore define 2n independent 
1-forms 64 = (6, #°) in B with #* = § (i =1, +, m). In terms of the 
local coordinates (z*), they may be expressed a 


of = do? at = EY dz’, tad = 04, (5.3.2) 


where 7: B-» M is the projection map. 
By analogy they form a ‘frame’ in 7% and for this reason this frame is 
called a coframe. 

There are several ways of defining a metrical connection in M. We 
propose to do this in a manner compatible with the complex and 
hermitian structures since this approach seems to be natural for 
hermitian manifolds. Indeed, as in §1.7 we prescribe (2)? linear 
differential forms wi = I'g.dz© in each coordinate neighborhood of a 
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covering in such a way that in the overlap of two coordinate neighbor- 
hoods related by holomorphic functions the equations (1.7.5) are satisfied 
by the n? forms w} given below. We then insist that the 2”? forms 
w5, wy. be given by 
wi = Tj, dat, wit = dt (= al) 

from which it follows that I}, = I'}i,+; the remaining 2n? forms are 
set equal to zero. 

In terms of this connection we take the covariant differential of each 


of the vectors £3, thereby obtaining as in § 1.8 the forms «%. Their 
images in B will be denoted by 0%,. By (1.8.6) and (1.8.5) 


of = (dh + wr Fa) ER (5.3.3) 
from which, by (5.3.2) 
do! = 6* A 6, + 6 (5.3.4) 
—the torsion forms being given by 
OS hE) ital CANO. Te = Te H le (5.3.5) 


This is the first of the equations of structure. The forms 64, are not 
independent, but rather, are related by 


6 +8 =0, B= a. 
For, from (5.3.3) 
By + OY = (ded, + ar Ee) ER + (abd) + Gt Eh) EY (5.3.6) 
and, from (5.3.1) 
ded EG Bee + Ey Mh Sew + be Ech Bae = 0. (5.3.7) 
Since, . 
Bee = > ey (5.3.8) 


(5.3.7) becomes 


ded, EP + dbG, EO + E05 Sd dew = 0. (5.3.9) 
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Evaluating the differential of the metric tensor g as in § ].9 we obtain 


Ugiye = ws Base +35 Siew (5.3.10) 


This is precisely the condition that the w', must satisfy in order to 
define a metrical connection. Hence, for a metrical connection 


Base dz™ + —2=—— Ben dz” = Sy T, x ae + oy ‘T, ae dz” 


from which 


Pigg Oi at gt (5.3.11) 


* = 
dam > ax” 


Substituting from (5.3.9) into (5.3.6), applying (5.3.11) and observing 
that 


a Jeet) (5.3.12) 
r=1 


we obtain the desired relation. 
The second of the equations of structure (1.8.8) 


d6®,— 65 A 64, = OF, 
splits into 


gk ener 2 
df), — 0, A fo (5.3.13) 


3 j j * 
i a, A“ 8, a &,, eo, = Cian 


by virtue of the decomposition T¢ = 7° @ T%?, 

Denote the curvature forms in the local coordinates (z', 3) by 9/,, 
that is, the 927; are the forms @/, pulled down to M by means of the 
cross-section M — {(@/8z*)p, (@/6%*)p}. Consequently, in much the 
same way as above, it may be shown that if they are locally given by 


GB, = dwt, — a", Aw, (5.3.14) 


then, in the bundle of unitary frames, the curvature forms are the 0%,. 
Since wi, = Ij, dz*, the equations (5.3.14) become 


oe 


— Th Pi_)dzt \ de” — ae Fads! Na". (5.3.15) 
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Thus, if we put 


ares ou ss, Ri iss dz! A dz™ + Ris dz' AN az™ 


where 
Rim + Reni =0 
we have 
Se): ees 

Ram = gon — ger + Tal om ~ Tim Pn (5.3.16) 

and 
ar 
Rime = em’ (5.3.17) 


Its only non-vanishing components are 


ie 


3 3 i 
R ilm*> R im* ly Ri. +m R emt 


For, substituting (5.3.11) into (5.3.16) and (5.3.17) and applying the 
relation d(g‘!” g,.,) = 0, we derive 


Rim = 0. 
Moreover, i Si 
gt") Og ine xe OB ixe 
7 go t i - 
Rime = Zam “Beh ee Soon (5.3.18) 


Since Ij, = Ij,» the curvature tensor is self adjoint. 
Transvecting (5.3.18) with g,,. we obtain 


og") Og is Og ips 
Rysiume = Give = <a ane sotto : (5.3.19) 


Hence, the only non-vanishing ‘covariant’ components of the curvature 
tensor are 
Riya Rye Ris jnres Ris jee 


Again, by virtue of the given splitting the Bianchi identities have the 
form 


doi = 9 A B1, — OF A &,, 
(5.3.20) 
d, = 6", A 0',—O% A 6, 


together with the conjugate relations. 
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In a complex coordinate system the first of (5.3.20) are given by 
RP eR Ge — Dia (5.3.21) 
and their conjugates together with the Jacobi identities 
Dilgee Dll Delf = Tals HT a Tata Se | 16322) 


and their conjugates where as usual D, denotes covariant differentiation 
with respect to the connection (5.3.11). From the second Bianchi 
identity we derive the relations 


Dn Rs — D, Roe = Rei y geri (5.3.23) 


together with their conjugates. 
Since the connection is a metrical connection 


Dy, Bij = Dyx 83x = 0. (5.3.24) 
Hence, from (5.3.23) 
Dy Rei — Dy Rieime = Riviere Tne (5.3.25) 


together with the conjugate relations. 
In terms of the hermitian metric, the torsion tensor has the com- 
ponents ‘ ; 
torte (8m Bier 
Tue = 8 ( az* zi ). 
(5.3.26) 
; Cf); a 
ie et (Bie Be \ 
aia ( og* az? 


Thus, a necessary and sufficient condition that the torsion forms vanish 
may be given in terms of the hermitian metric tensor g by the system 
of differential equations 


Ogins Bin Osis Liew 
Ozk ozs? agk oz G2) 


In this case, g is said to define a Kaehler metric. A complex manifold 
endowed with this particular metric is called a Kaehler manifold. 
If the metric of an hermitian manifold is given by 


ar 


bis = Bai agi 


(locally) for some real-valued function f, then, clearly, from (5.3.27) 
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it is a Kaehler metric. Conversely, the metric of a Kaehler manifold is 
locally expressible in this form. For, since the equations (5.3.27) must 
be satisfied, the equations 


Cp; 
gi Sas 


are completely integrable. If g, is a solution, the general solution is 
given by 


pi = Pilz, 2) + Y(2) 


where the 4; are arbitrary functions of the variables (z). Consider the 
system of first order equations 


f= G42, 8) +2). 


The integrability conditions of this system are given by 


OP, Op; Oy Os 

(25 ast) +(e - nt) cs 

Differentiating these equations with respect to % we find, after applying 
the conditions (5.3.27), that functions %, can be chosen satisfying the 
integrability conditions. ‘That f may be taken to be real is a consequence 
of the fact that f is also a solution of the system. 

We remark that an even-dimensional analytic Riemannian manifold M 
with a locally Kaehlerian metric, that is, whose metric in local complex 
coordinates satisfies the equations (5.3.27) is not necessarily a Kaehler 
manifold. For, consider the cartesian product of a circle with a compact 
3-dimensional Euclidean space form whose first betti number is zero [24]. 
It can be shown that such a space form exists; in fact, there is only one. 
This manifold is compact, orientable, and has a locally flat metric. The 
last property implies that its metric is locally Kaehlerian. (We have 
invoked the theorem that an even-dimensional locally flat analytic 
Riemannian manifold is locally Kaehlerian). Since its first betti number 
is one it cannot be a Kaehler manifold (cf. theorem 5.6.2). 

An hermitian metric g is expressible in the local coordinates (z*, 3*) 
by means of the positive definite quadratic form 


ds? = gap dz4 dz8 
(5.3.28 
_ 22 i3« dz* dz), 
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If g is a Kaehler metric, the real 2-form 


Q= v- 1 gy5s dz! A dzi, (5.3.29) 


canonically defined by this metric, is closed. Conversely, if 2 is closed, 
g is a Kaehler metric. 

In an hermitian manifold, the 2-form 2 is called the fundamental form. 
We remark that the tensor field g as well as the fundamental form can be 
given a particularly simple representation in terms of the 2” forms 
(a*, at) on M. For, from (5.3.2) and (5.3.8) 


g=2 wv @a (5.3.30) 
fel 
and 
Q=V— Tot raw. (5.3.31) 
pal 


From the equations (5.3.4) and (5.3.13) we deduce the equations of 
structure of a Kaehler manifold M: 


do = 6 A 6, (5.3.32) 
and 
@, = de; — &, A 0, (5.3.33) 


where the 2-forms @*,; define the curvature of the manifold. They are 
locally expressible in terms of local complex coordinates by 


2, —. oe Riis dz* A dz’, (5.3.34) 
The Ricci tensor of M is given locally by 
Rye = — R' xr (5.3.35) 


and so from (5.3.17) it may be expressed explicitly in terms of the 
metric g by 
2 log det G 
Rw = ~ 3b G = (gi): (5.3.36) 


Now, from (5.3.34) 
ioe = Ry dz* A dz! 
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and from (5.3.33) 
6', = d6",. 


It follows that V— 1 dé’, is a (real) closed 2-form in the bundle of 
frames over M. Moreover, 
OR, 5+ _ OR, 3+ OR;*; = OR, +; : (5.3.37) 


oak ézt oa* oz 


Since the operator d is real (that is, it sends real forms into real forms), 
V — | 6; defines a real 1-form (which we denote by 27x) on the bundle 


B of unitary frames. Let 7: B — M denote the projection map and put 


is Ryyw dz® A dB? (5.3.38) 


1 
an V/— 1 
Then, 7* = — dy. The 2-form # defines the 1° Chern class of M 
(cf. § 6.12). 
In contrast with Kaehler geometry there are three distinct contractions 
of the curvature tensor in an hermitian manifold with non-vanishing 
torsion. They are called the Ricci tensors and are defined as follows: 


kit a Th ee a 
Ryjx = 8 Rigeeses Sige = BO Rajeev Tyje = 2 Ryveise. 


If the contracted torsion tensor vanishes, that is if 7,’ = 0, T;;, = Rijs. 
This is one of two rather natural conditions that can be imposed on 
the torsion, the other being that the torsion forms be holomorphic. 
From (5.3.21) we see that the latter condition implies the symmetry 
relation 


R’ ge = Royje (5.3.39) 


Since the curvature tensor is skew-symmetric in its last two indices the 
symmetry relation (5.3.39) shows that S,,;* = R,,+. 
Now, from (5.3.21) we obtain 


Resse — Raves = Dye Vise — DT ire (5.3.40) 


where Tyjj+ = 8i«; T;,'. Hence, the conditions @7,,'/8%'—=0 imply 
the symmetry relations 
Ry jeu = Rares (5.3.41) 


as in a Riemannian manifold. We conclude that S,,. = T,;., that is 
the Ricci curvature tensors coincide as in a Kaehler manifold. That 


they need not be the same may be seen by the following example [J5]. 
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Consider the cartesian product of a l-sphere and a 3-sphere: 
M = S) x S3%, In example 6 of §5.1 it was shown that M is a complex 
manifold. A natural metric is given by 


ds? — fda! di! + da? ds*), d = alg) + 2221, 


so that 


Si = Bij, g' = ASY, 


A computation yields 


1 2 
Rien = BY) (A845 84, — 54; 2* 2") 
from which we obtain 
Rye = (aa — #'z'), Sie = Le Fy ai Ae — 2'7) 
cy nt t ’ ye A aj 4je 2 %3 . 


Summarizing, we see that the curvature tensor defined by a con- 
nection with holomorphic torsion has the same symmetry properties 
as the curvature tensor defined by a Kaehler metric. 

The condition that the torsion be holomorphic is a rigidity restriction 
on the manifold. Indeed, if the manifold is compact, it is actually 
Kaehlerian [32]. 

One may also consider a connection which carries holomorphic 
tensor fields into holomorphic tensor fields (cf. § 6.5). Such a connection 
must satisfy 

ar, Are. ps 


gO gg 


and, for this reason, the connection is said to be holomorphic. From 
(5.3.17) it follows that the curvature tensor of a holomorphic connection 
must vanish. 

In an hermitian manifold M with non-vanishing torsion, if the Ricci 
tensor R,,- defines a positive definite quadratic form, then it defines an 
hermetian metric g on M. From the second of equations (5.3.20) it 
follows that the form 0%, is closed, and hence g is a Kaehler metric. 

A complex manifold M of complex dimension z is said to be complex 
parallelisable if there are n linearly independent holomorphic vector fields 
defined everywhere over M (cf. p. 247). In an hermitian manifold, it is not 
difficult to prove that the vanishing of the curvature tensor is a necessary 
condition for the manifold to be complex parallelisable. (Hence, the 
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connection of a complex parallelisable manifold is holomorphic.) In 
Chapter VI it is shown, if the manifold is simply connected, that this 
condition is also sufficient. Hence, for a complex manifold the existence 
of a metric with zero curvature is a somewhat weaker property than 
parallelisability. 


5.4. The operators L and A 


Let M be a complex manifold of complex dimension n and denote 
by A*(M) the bundle of exterior differential polynomials with complex 
values. From § 5.1, a p-form « ¢ A **(M) may be represented as a sum 


X= yg + A441 + oe + %,p 


where «,, is of degree g in the dz‘ and of degree 7 in the conjugate 
variables. The coefficients of « when expressed in terms of real coor- 
dinates are complex-valued functions of class «o. Thus, there is a 


canonically defined map 
d: \"(M)-» A*(M) 


obtained from d by extending the latter to A*(M) by linearity, that is, 
if «= 4+ V— lp where A and wp are real forms, then 


da =d\ + Vv —l1du. 


Clearly, da = do., that is d is a real operator. In the sequel, we shall 
write d in place of d with no resulting confusion. 

The exterior differential operator d maps a form « of bidegree (gq, 7) 
into the sum of a form of bidegree (¢ + 1,7) and one of bidegree 
(q,7 + 1). For, if 


© = As sgh. k, 221 AN ww A date \ d8% A. A ddr, 


O45, igky...k 


do = Bet a AN dat A... A data A di A... A date 


8a;,, wF ghee Kp 


Aa dz* A dai A... A daa A dBi A... A dir, 


The term of bidegree (¢ + 1,7) will be denoted by d’a and that of 
bidegree (g,r + 1) by d’’a. Symbolically we write 


d=d'+d" 
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and say that d’ is of type (1,0) and d’’ of type (0,1). By linearity, we 
extend d’ and d”’ to all forms. (An operator on A*(M) is said to be 
of type (a, b) if it maps a form of bidegree (q, r) into a form of bidegree 
(q+ a, r+ 6)). Both d’ and d’’ are complex operators, that is if is 
real, d’« and d’’a are complex. 


Since 
0 — dd =: d'd' + (d’a”’ — dd’) + dd” 


it follows, by comparing types, that 


d'd'=0, dd” =0 
and 
d'd"” + d’d' =0. 

We remark that the operators d’ and d’’ define cohomology theories in 
the same manner as d gives rise to the de Rham cohomology (cf.§ 6.10). 

If f is a holomorphic function on M, d’’f vanishes. A holomorphic form 
a of degree p is a form of bidegree (p, 0) whose coefficients relative to 
local complex coordinates are holomorphic functions. This may be 
expressed simply, by the condition, d’’x = 0. It follows that a closed 
form of bidegree (p, 0) ts a holomorphic form. 

At this point it is convenient to make a slight change in notation 
writing @,; in place of &. 

Let {0,, , @,} be a base for the forms of bidegree (1, 0) on M. Then, 
the conjugate forms @,, -, , comprise a base for the forms of bidegree 
(0, 1). Suppose M has a metric g (locally) expressible in the form 


£=23 6,08, 


The operator * may then be defined in terms of the given metric. 
Our procedure is actually the following: As originally defined * was 
applied to real forms and played an essential role in the definition of the 
global scalar product on a compact manifold or, on an arbitrary 
Riemannian manifold when one of the forms has a compact carrier. 
In order that the properties of the global scalar product be maintained 
we extend x to complex differential forms by linearity, that is 


(A+ Y— 1p) = xA + V— 1 tp. 


Hence, if M is compact (or, one of a, 8 has a compact carrier) we define 
the global scalar product 


(%p) =f a AxB, 
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so that, in general, (a, 8) is complex-valued. However, (a, «) = 0, 
equality holding, if and only if, « = 0. Two p-forms « and § are 
said to be orthogonal if (x, B) = 0. Evidently, if « and B are pure forms 
of different bidegrees they must be orthogonal. 

The dual of a linear operator is defined as in’ § 2.9. 

The operator * maps a form of bidegree (q, r) into a form of bidegree 
(n — r, n — q). The dual of the exterior differential operator d is the 
operator 6 which maps p-forms into (p — 1)-forms. We define operators 
8’ and 8” as follows: 

& = —xd"* and 8” = —xd'* 
(cf. formula 2.8.7). 
Clearly, then, 5’ is of type (— 1, 0) and 6”’ of type (0, — 1). Moreover, 


8 _ 8’ + 8” 


For, 6 = —*xd* = —x*d’* —x*d’’x. 
If M is compact or, one of «, 8 has a compact carrier, 


(d’a, B) = (a, 88) and (d’a, B) = (a, 8°) 
where « is a p-form and B a (p + 1)-form. For, 


(d’cs, B) + (dx, B) = (da, B) = (a, 5B) = (a, 8°8) + (a 8B). 


If a is of bidegree (q, 7), B is of bidegree (q¢ + 1,7); for, otherwise d’a 
and f are orthogonal. In this way, it is evident that the desired relations 
hold. Hence, 8’ and 8” are the duals of d’ and d’’, respectively. 


Evidently, 
3s = 0, 8" 6" = 0, 8’ 8” ae Ssh 0: 


In terms of the basis forms {6,} and {9;} (i == 1, --,), the fundamental 
form 2 is given by 


Q=V—1 > 6, A 6;. (5.4.1) 


t=L 
We define the operator L on p-forms «a of bidegree (q, 7) as follows: 


Lesa AQ, pS dn —2. 
Hence, La is of bidegree (g + 1, r + 1), that is, L is of type (1, 1). For 
a p’-form B 
La A xB =a A LeB =a A ee 1 LB = (— 1p on A 4% DaB, 
We define an operator of type (— 1, — 1) in terms of L as follows: 


A = (— 1)? #Lx 
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on p-forms. The operator A is therefore dual to L and lowers the degree 

of a form by 2 whereas the operator L raises the degree by 2. 
Moreover, if a is of bidegree (gq, r), Aa is of bidegree (¢ — 1, r — 1). 

Evidently, Aa = 0 for p-forms « of degree less than 2. From (5.4.1) 


A=V- id 2(8x) #(8x) (5.4.2) 


where i(£) is the imterior product operator, that is, the dual of the 
operator ¢(£). Following (3.3.4), we define 


(fja=EAa p<2n 
where a is a p-form, and, by (3.3.5) 
1(£) = 1(X) = *e(€)* 


where X is the tangent vector dual to the 1-form é. 

Since 7(6,) is an anti-derivation, AQ =n. The operator A is not 
a derivation. For, since a form « of bidegree (q, 7) may be expressed as a 
linear combination of the forms 0; A «A 6; A ,,, Pee FS 8... and 
A is linear, one need only examine the effect of A on such forms. 
Indeed, since 7(8,) is an anti-derivation 


1(;) (95, A wo A 95, A 8p, A a A Oe,) 
: ; (5.4.3) 
—_ 0, TA jy, Jas 
6;, A eee AN 6;, A 9, N vee A 6.5 I =f13 
a similar statement holds for 7(8,). Hence, 
i(B,)(8,)(8;, Nu NBA 9, Awl 9...) 
= (— 118 Aw A 8 A Oey A A Oe, 
for 1 = j, = k, and is zero for 1 #j,, “fy Ry, Rk, Thus, 
ACO, Aw A O;, A i, Avr A 9,,.) 


=V-—1 >> 1(9,)1(8,) (95, Ao A 95, A Be, A ve A 8:,) 


n 
= (= 1 VHT D(H, Awe AO A Ogg A oe A 85, A Oe, A one 


t=1 


WG AG Kee Nis 
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In particular, 


MGs, Nv A 85, A Oey A oe A Oe, A 2) 


=(— ly V¥—1 > ABs, Aw A 85, AN 9: A Oe, Ae A Oe, A 94) 
t=1 


=(- Vat V1 (ye 


Oy, ove N85, N85 oe A 94, A 8: A Be A oe A Ge A Greg oo A Oe, A Gi] 


iH 
+ V=1(— 1-80 — p) (8, A A 9), A On A oo A 8:,) 
=A, A oe A 85, A Bey A oe A On) A 
+ (1 — p) 9; Awe A Oj, A Oy A oe A Op. 


Thus, for any p-form a, A(a A 2) = Aa A 2+ (n — p)a. This result 
will prove useful in the sequel. 

Consider the space C,, of n complex variables with complex coordinates 
zl,-, 2” and metric 

ds? = 2) dz‘ da‘. (5.4.4) 
t=1 

Let 1 = 4, jhe, 42 A A dala A da A - A dz* and denote 
by @, the operator which replaces each moefficient Q;,...jgky--k, DY the 
coefficient of dz* in da, .; ,...%,- In a similar way we define the operator 
6; The forms @,« and ajo are each of bidegree (9,7). Moreover, the 
operators @,; and — 6; are duals, that is, (@,0, 8) = — (a, 0,8). If we 
put 6-= dei, then 


d’ => «(8)a, 2” =>) (58, (5.4.5) 
and, since 5’ and 6"’ are dual to ad’ and d@’’, respectively, 


8 = — > 3,18), 8" = — Di a, 18). (5.4.6) 
i i 


Consider, for example, the linear differential form a = a,dz* + b,d*. 
Then, since {dz*} and {@/dz"} are dual bases 


a= Sat a= —¥ (Fe a 
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Lemma 5.4.1. In C, 
Ad' —d’'A = — V—] 8" 
Ad" —d"A=V—1 8’. 


and (5.4.7) 


In the first place, it is easily checked that 


1(0,)d + di(6,) = 0, 
and 


i(,)d a di(8,) = be. 


Pre-multiplying the first of these equations by 1(6,) and post-multiplying 
the second by 1(@,) one obtains after subtracting and summing with 
respect to k 


Ad — dA = V/— I(8' — 8”) 


since i(6,) commutes with 4,. The desired formulae are obtained by 
separating the components of different types. 


5.5. Kaehler manifolds 


Let M be a complex manifold with an hermitian metric g. Then, 
in general, there does not exist at each point P of M a local complex 
coordinate system which is geodesic, that is a local coordinate system 
(2*) with the property that g is equal to 22, dz‘ © dz modulo terms 
of higher order. (Two tensors coincide up to the order k at Pe M 
if their coefficients, as well as their partial derivatives up to the order k, 
coincide at P. A complex geodesic coordinate system at P should have 
the property that g coincide with 22, dz‘ @ dz* up to the order 1 at P.) 

We seek a condition to ensure that such local coordinates exist. 

Let {6,, --, 8,} be a base for the forms of bidegree (1, 0) on M with 
the property that g may be expressed in the form 


g= 22,6: @ 4, (5.5.1) 


(cf. 5.3.30). 

Our problem is to find m 1-forms w, of bidegree (1, 0) such that 
(i) w(P) = 0(P), t= Ion; 
(ii) g = 2 L, w;, ® dG; modulo terms of higher order; and 
(ill) dw(P) = 0,7 = 1, +, n. 
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This latter condition is the requirement that in the sought after coor- 
dinates, the coefficients of connection vanish at P, that is, in terms of 
the metric tensor g, dg,;.(P) = 0 (cf. 5.3.3, 5.3.32 and 5.3.10). 

Let (z*) be a system of local complex coordinates at P such that 
2(P) = 0,1 = 1,--, 2 and 6(P) = dz(P). We put 


04 = 8; — Dain 2 9, — Dy Bis FO (5.5.2) 
i,k 


jk 


and look for the relations satisfied by the coefficients a,,, and 5, in 
order that (i), (ii), and (iii) hold. For condition (ii) to hold it is necessary 
and sufficient that 


Asn + dpi = 0. (5.5.3) 


Now, put 
a0, = +> Cin 8; A 8x +> cin 8s A Oxy 
dk dk 


Cie + Sing = 0. 
Then, (iii) is satisfied, if and only if 
£ (isn — Qin) = Cig and Disx ad C ine (5.5.4) 


Substituting in (5.5.3), we derive 


o ra 
Cie = Oat — One 


These are the necessary conditions that a complex geodesic local 
coordinate system exists at P. 

Conversely, assume that there exist ¢,;,, ¢’4,, satisfying ¢y;, = "jg — 
enue If we put a, = — €',;, and bi, = c’;;, the relations (5.5.3) and 
(5.5.4) are satisfied. If we define the forms 6, by (5.5.2), the conditions (i), 
(ii), and (iii) for a complex geodesic local coordinate system are satisfied. 

We recall that an hermitian metric is a Kaehler metric if the associated 
2-form 2 = /— 12,9; A 9; is closed and, in this case, M is a Kaehler 
manifold. Hence, at each point of a Kaehler manifold there exists a system 
of local complex coordinates which is geodesic. This property of the Kaehler 
metric leads to many significant topological properties of compact 
Kaehler manifolds which we now pursue. 
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5.6. Topology of a Kaehler manifold 


The formulae (5.4.7) hold in a Kaehler manifold as one easily sees 
by choosing a complex geodesic coordinate system (2*) at a point P. 
Indeed, for C,, we may take g = 2 L, dz‘ © dz*. Since the metric of a 
Kaehler manifold has this form modulo terms of higher order, and 
since only first order terms enter into the derivation of the formulae 
(5.4.7) they must also hold in a Kaehler manifold. 


Lemma 5.6.1. In a Kaehler manifold 


Ad GAS aN a1" 
and (5.6.1) 


Ad” —d"A= V—-1 8. 


These formulae are of fundamental importance in determining the 
basic topological properties of compact Kaehler manifolds. 


Lemma 5.6.2. In a Kaehler manifold the operators A and 8 commute. 
Hence, by comparing types A commutes with 8' and 8"’. 
Clearly, the operators L and d commute. Hence, 
«dx«—) Dx = «Lx%—! dx, 
that is 
6A = Ab. 


Several interesting consequences may be derived from lemmas 5.6.1 
and 5.6.2 for a complex manifold with a Kaehler metric. To begin with 
we have 


Lemma 5.6.3. In a Kaehler manifold 
d’ 8" + 8" d'=0 and da” 8+ 8'd"” =0. (5.6.2) 


The proof is immediate from lemma 5.6.1. 


Lemma 5.6.4. In a Kaehler manifold 
d’ 8’ ao 8’ d’ — dad” 6” + 6” dad”. 


For, from lemma 5.6.1 the expression 
—V— 1\(d'Ad’’—d’'Ad' + d''d'A — Ad’d’’) is equal to d’’ 8’’ + 8’ a” 
from the first relation and to d’ 8’ + 8’ d’ from the second. 
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Lemma 5.6.5. In a Kaehler manifold the Laplace-Beltrami operator 
4=d8+4 8d has the expressions 


A = 2d’ 8’ + 8d’) = 2(d" 8” + 8" a"). (5.6.3) 
For, 
4=dé-+ dd 
= (a’' 4+ ad”) (8 + 6") + (8 + 8") (d+ a”) 
= (d' 8 + 8d’) +-(d" 8" + 8" a") 


by lemma 5.6.3. Applying lemma 5.6.4, the result follows. 

A complex p-form « is called harmonic if da vanishes. 

Since a p-form may be written as a sum of forms of bidegree (gq, r) 
with ¢ + 7 = p we have: 


Lemma 5.6.6. A p-form is harmonic, if and only if its various terms of 
bidegree (q, r) with q + 17 = p are harmonic. 

This follows from the fact that 4 is an operator of type (0, 0). Indeed, 
d@’ is of type (1, 0) and 8’ of type (— 1, 0). Moreover, a p-form is zero, if 
and only if its various terms of bidegree (q, r) vanish. 


Lemma 5.6.7. In a Kaehler manifold 4 commutes with L and A. Hence, 
if « is a harmonic form so are La and Ax. 

This follows easily from lemmas 5.6.1 and 5.6.2 since 5’ 6’’ + 8’’ 8’ 
= 0 and +4 = 4x, 


Lemma 5.6.8. In a Kaehler manifold the forms 27 =Q A+ \Q 
(p times) for every integer p Sn are harmonic of degree 2p. 

The proof is by induction. In the first place, 42 = 0 since the manifold 
is Kaehlerian. For, by lemma 5.6.1, 8’2 = 8’’2 = Osince d’Q = d''Q = 
0 and AQ =n. Now, 


A(Q?) = A(LQ?) = LA(Q) = 0. 


Lemma 5.6.9. The cohomology groups H*°(M, C) of a compact Kaehler 
manifold M with complex coefficients C are different from zero for 
p=0,1,°", 2. : 

Indeed, by the results of Chapter II, H%(M, C) is isomorphic with 
the space of the (complex) harmonic forms of degree g on M. Since 
the constant functions are harmonic of degree 0, the lemma is proved 
for p =0. The proof is completed by applying the previous lemma 
and showing that 2? 40 for p <n. In fact, we need only show that 
Q* =~ 0, and this is so, since 2” defines an orientation of M (cf. § 5.1). 
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Theorem 5.6.1. A holomorphic form on a Kaehler manifold is harmonic. 

For, if « is a holomorphic form, it is of bidegree (p, 0); moreover 
d’’« vanishes. Now, since 8’’ is an operator of type (0, — 1), 8’’a is a 
form of bidegree (p, — 1), that is 5’’a = 0. It follows that 


Aa = 2(d" 6” + 8" d\n = 0, 


Corollary. A holomorphic form on a compact Kaehler manifold ts closed. 
Conversely, @ harmonic form of bidegree (p,0) on a compact hermitian 
manifold is holomorphic. For, a harmonic form is closed and a closed 
form of bidegree (p, 0) is holomorphic. 
The term of bidegree (p, 0) of a harmonic p-form a is holomorphic. 
Similarly, the conjugate of the term of bidegree (0, p) is holomorphic. 
For, let 


D 
a= > p—k, ks 


k=0 


the subscripts indicating the bidegree. Then, since « is harmonic and 
the manifold is compact 


D 
» A’ Oy tk =— 0. 
k=0 


Since the terms on the left side of this equation are of different bidegrees 
they must vanish individually. In particular, 


dx, 4 = 0. 


Similarly, d’a), = 0 implies dogs Sa a Ol 

Let Af, be the linear space of complex harmonic forms of degree p. 
Then, by lemma 5.6.6, A% is the direct sum of the subspaces /A$;" of 
the harmonic forms of bidegree (g,r) with g + r= p. The p' betti 
number 5,(M) of the Kaehler manifold M is equal to the sum 


Dishes (5.6.4) 


a+r=p 


where 5,, is the complex dimension of A%’. Now, if ae Aj’, its 
conjugate « ¢ A%;", and conversely. For, 


Bda=d' Sat hi da=d Fat ida =d" 8"e4+ 8" di =F Aa, 
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Hence, 
bar = bre (5.6.5) 


and, since « + & is real, (5.6.4) is also the (real) dimension of the space 
of real harmonic forms of degree p. 
Since 


by oe by.o Ste tect bons 
we have shown that 


2by 9 S by for p #0. 


Hence, the number of holomorphic p-forms 1s majorized by half the p 
bettt number. 

Moreover, from (5.6.5) we may also conclude that b,(M) is even if pis 
odd. Summarizing, we have: 


Theorem 5.6.2. The p™ betti number of a compact Kaehler manifold 
ts even if p ts odd. The first bettit number 1s twice the dimension of the’ space 
of holomorphic 1-forms sometimes called abelian differentials of the first 
kind. The even-dimenstonal bettt numbers b, (p S 2n) are different from 
Zero. 

The last part follows from lemma 5.6.9. 

The number 2329 (— 1)%po,, is an important invariant of the complex 
structure called the arithmetic genus. 

In the next section it is shown that for p Sn — 1, b, Sb, 4,. 

Since the first betti number of the Riemann sphere S? is zero there are 
no holomorphic 1-forms on S?. 

Consider the torus (cf. § 5.8) with the complex structure induced by C. 
Since 5, = 2, the differential dz is (apart from a constant factor) the 
only holomorphic differential on the torus. 

Let M be a compact (connected) Riemann surface. Put 5, = 2g; the 
integer g is called the genus of M. It is equal to the number of in- 
dependent abelian differentials of the first kind on M. Since there are 
2g independent l-cycles and g independent abelian differentials the 
periods of an abelian differential may not be arbitrarily prescribed on a 
basis of 1-cycles. However, it may be shown that a unique abelian 
differential exists with prescribed real parts of the periods. 

Let « be a p-form. Then, by (JI.B.4) and lemma 5.6.5 


a = d8Ga + 8dGa + Hla] 
= 2d’ 8’ Ga + 8' d’ Go) + Hfo] 
= 2(d” 8" Ga + 8" d” Ga) + H[a] 
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where the operators H and G are the complex extensions of the cor- 
responding real operators. Moreover, since the Green’s operator G 
commutes with d and 6 it commutes with d’, d’’, 5’, 8’ as one sees by 
comparing types. 

Since 4 commutes with d, it also commutes with d’ and d’’ as one 
sees by comparing types. This result is very important since it relates 
harmonic forms with the cohomology theories arising from d’ and d”’, 


5.7. Effective forms on an hermitian manifold 


There is a special class of forms defined as the zeros of the operator A 
on the (linear) space of harmonic forms. They are called effective harmonic 
forms and the dimension of the space determined by them is a topological 
invariant. More precisely, the number e, of linearly independent effective 
harmonic forms of degree pona compact Kaehler manifold M is 
equal to the differenct b, — b,_, for pS + | where dim M = 2n. This 
important result hinges on a relation measuring the defect of the operator 
LkA from AL* where L*a = a A 2*, The fact that these operators 
do not commute is crucial for the determination of the invariants e,. 


Lemma 5.7.1. For any p-form « on an hermitian manifold M 
(AL* — LkA)a = k(n — p —k + 1) 0. 
It was shown in § 5.4 that 


ALa =LAa + (n — p) a 


Hence, proceeding by induction on the integer k 


AL a = ALK La) = LEA(La) + h(n — p —2 —Rk + 1)L*o 
== De LAa + (n — p)x] + k(n — pp —k — 1)LFa 
= Lt+lAa + (k +1) (n — p — R)LF a. 


This completes the proof. 

In the remainder of this section a subscript on a given form will 
indicate its degree; thus deg a, = p. 

A form « is said to be effective if it is a zero of the operator A, that is, 
if Ax = 0. Since A annihilates A?(T°*) for p = 0,1 the elements of 
these spaces are effective. 
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Lemma 5.7.2. If «, is an effective form, then, for any s =0 
(= IMA ALE a, = (6+ I +A) (Sm tp) Cat pth DL ay 


This follows inductively from the preceding lemma. 


Corollary. There are no effective p-forms for p2n-+ 1. 
This is an immediate consequence, if we take k=n-4+ 1 and 
s2n—p+l. 


Theorem 5.7.1. Every p-form «,(p Sn + 1) onan hermitian manifold of 
complex dimension n has a unique representation as a sum 


dp = >) L* py (5.7.1) 
k=O 
where the py, 0 Sk Sr are effective forms and r = [8). 

The theorem is trivial for p = 0,1. Proceeding inductively, assume 
its validity for p <n — |. Then, to any p-form 8, is associated a unique 
p-form «, such that 

ALoa,=f, psn—l. (5.7.2) 
For, 


By = ye Pn—2x 


where the forms ¥,_,, are effective. Now, by (5.7.1) and lemma 5.7.1 


A Lay = SAL 9. 


ke 


=> (+ 1) (2 — p — A) L¥ gay. 


k= 


Since p Sn — 1, n—p-+k #0. Consequently, in order that (5.7.2) 
hold, it is sufficient to take’ 


oo ee siete 
vom EEN ptay HOON e 


and by uniqueness, this is also necessary. Now, let 8,,,. be an arbitrary 
(p + 2)-form and put 4 £,,, = B, in (5.7.2). 
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Then, the form yys2 = Borg — La, is effective, and 
Bose = Xote + Ley 


2 
= Xora + > Es Pp—2k 
k=0 
is the representation sought for 8,,, thereby completing the induction. 
The uniqueness is evident from that of «,. For, let 


Bove = X pte + Lap 


be another decomposition for 8,4. Then, (x‘p42 — Xp+2) + L(ap — &p) 
= 0. Applying the operator A to this relation we obtain A La, = A La, 
since Xpi2— Xp+e is effective. Applying (5.7.2), we conclude that 
a = Oo, from which yp,+2 = Xpse 


Corollary 5.7.1. AL is an automorphism of A?(T°*) for psn—1. 

For, if a, € A®(T°"), ALa, € A*(T°*). Conversely, by (5.7.2) for 
any £, there is an a, such that ALa, = £,. Moreover, ALa,, = 0 implies 
a, = 0. 


Corollary 5.7.2. L is an isomorphism of A\?(T°*) into A®+*(T°"*) for 
psn-l. 

Indeed, La, = 0 implies A La, = 0 from which by the preceding 
corollary «, must vanish. 

Assume now that M is a Kaehler manifold. Then, since 4 commutes 
with the operator L (cf. lemma 5.6.7) we may conclude 


Corollary 5.7.3. Every harmonic p-form a,(p Sn-+ 1) on a Kaehler 
manifold may be uniquely represented as a sum 


; 
t= > L* @5_9% 
k=0 


where the Pp-4(0 Sk S71) are effective harmonic forms and r = [p/2]. 
Let M be a compact Kaehler manifold. Then, from lemma 5.6.7 
and corollary 5.7.2, it follows that 


b,(M) <b,.(M), pSn—1. (5.7.3) 


Corollary 5.7.4. The betti numbers 6, for pSn—1 of a compact 
Kaehler manifold satisfy the monotonicity condition (5.7.3). Moreover, 
b,, #0 fors sn. 
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The difference 5, — 6 


»-2 May be measured in terms of the number e, 
of effective harmonic forms of degree p,p <m-+ 1 and is given by 
the following 


Theorem 5.7.2. On a compact Kaehler manifold 


€n = b, — By_2 


for pSn+l. 
To see this, denote by A? the linear subspace of A} of effective 
harmonic p-forms. Then, by corollary 5.7.3 


At = AXQLAYZ?O..OLAR* (5.7.4) 


where 7 = [p/2], and 


~ ~ ~ 


MEARE OLAR OL Lag! (5.7.5) 


where r = [p/2] + 1. 
Applying the operator LZ to the relation (5.7.4) we obtain 


LAR SLAB. OLAAR*, r= [5]. (5.7.6) 
Combining (5.7.5) and (5.7.6) 
Agta Ait@LAg, 


Since L is an isomorphism from A*(T°") into A?+?(T°*) (p <n — 1) and 
since 4 commutes with LZ, dim ZA} = dim A}. Hence, 


dim Lae = dim Ase + dim: # 


that:1s 65:5 =to73 + 6), P S2— lord, — 6..:= ¢, forp S21. 


5.8. Holomorphic maps. Induced structures 


Let M and M' be complex manifolds. A differentiable map f: M— M’ 
is said to be a holomorphic map if the induced dual map f*: A°(M’) > 
A“°(M) sends forms of bidegree (1,0) into forms of bidegree (1, 0). 
Under the circumstances, f* preserves types, that is, it maps forms of 
bidegree (g, r) on M’ into forms of bidegree (g, 7) on M. For, since f* 
is a ring homomorphism we need only examine its effect on the decom- 
posable forms (cf. § 1.5). 
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If f: M—> M’ and g: M’-+ M”’ are holomorphic maps, so is the 
composed map g: f: M— M”"’. By a holomorphic isomorphism f : M— M' 
is meant a 1-] holomorphic map f together with a differentiable 
map g: M’-+ M such that both f-g and g- f are the identity maps on 
M' and M, respectively. If f is a holomorphic isomorphism, it follows 
that the inverse map g is also a holomorphic isomorphism. 


Lemma 5.8.1. Let M be a complex manifold and f a complex-valued 
differentiable function on M. In order that f be a holomorphic map of M 
into C (considered as a complex manifold), it is necessary and sufficient that 
f be a holomorphic function. 

Since dz is a base for the forms of bidegree (1, 0) on C, in order that f 
be a holomorphic map, it is necessary and sufficient that f*(dz) = df 
be of bidegree (1, 0). Hence, since df = a'f + d’'f, it is necessary and 
sufficient that d’’f vanish. 


Lemma 5.8.2. The induced dual map of a holomorphic map sends holo- 
morphic forms into holomorphic forms. 

Let f: M-»M’ be a holomorphic map and « a form of bidegree 
(p, 0) on M’. Then, since f/* preserves bidegrees, f*(«) is a form of 
bidegree (p, 0) on M. Hence, since f* and d commute, so do f* and d”’. 
Thus, if « is holomorphic, so is f*(q). 


Proposition 5.8.3. Let M be a covering space of the complex manifold M 
and 7 the canonical projection of M onto M. (We denote this covering space 
by (M, 7).) Then, there exists a unique complex structure on M with respect 
to which w 1s a holomorphic map. 

For, let {V,} be an open covering of M such that for every a the 
restriction 7, of 7 to V, is a homeomorphism of V, onto 7(V,). Such 
a covering of M7 always exists. To each a is associated a complex structure 
operator J, on V,, in terms of which z,:V,—» M is holomorphic. To 
see this, we need only define 7,,- J, = J. 7,..On the intersection V, OV, 
the complex structure operators J, and J, coincide since 7,7} + 7, is the 
identity map on V, © V,, and as such is holomorphic. Thus, the 
operator on M having the J, as its restrictions defines a complex 
structure on MM. With respect to this complex structure on M the 
Projection 7 is evidently a holomorphic map. The uniqueness is clear. 


Corollary. Let (M, 7) be a covering space of the Kaehler manifold M. 
Then, (M, 7) has a canonically defined Kaehler structure. 

For, let 2 be the Kaehler 2-form of M canonically defined by the 
Kaehler metric ds? of M. Let 7* denote the induced dual map of 7. 
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Then, since 7*(ds*) is positive and hermitian and 

d(*Q) = 3*(dQ) = 0, 
the result follows. 7*(ds?) is positive since the Jacobian of the map is 
different from zero. 

Conversely, suppose that the covering space (M, 77) of the manifold M 
has a complex structure. Moreover, assume that every point of M has 
an open connected neighborhood U such that each component of 
a—(U) is open in M, that is, the union of disjoint open sets V, on each 
of which 7 induces a homeomorphism 7, of V, onto U in such a way 
that for any « and B, m,g-1-7, is a holomorphic isomorphism of V, 
onto V, with respect to the complex structures induced on V, and V, 
by that of M. Then, U has a complex structure induced by the maps 
7,——the complex structure being independent of the choice of «a. We 
conclude that M has a complex structure called the quotient complex 
structure of that on M by the relation of equivalence 7(P) = x(P’), 
P and P’ being points of M/. 

If (M, 7) has a Kaehlerian structure, then by exactly the same argument 
as given above M has a canonically defined Kaehlerian structure. 

Consider the important case where the manifold M is the quotient 
space M/G of the complex manifold M by the relation of equivalence 
determined by a properly discontinuous group G of homeomorphisms 
of M onto M without fixed points. In other words, by the relation for 
which the equivalence class of the point Pe M is the set of transforms 
g(P) of P by the elements g of G such that every point of M has a neigh- 
borhood V with the property (A): Vo gV is empty for all g ¢ G other 
than the identity. Then, 7 is a covering space of M = MIG. Indeed, 
any point P e M has a neighborhood U such that 7—}(U) is the union 
of disjoint open sets V, on each of which 7 induces a homeomorphism 
m, of V, onto U. To see this, take a point 0 ¢ WM such that P = 7(Q); 
then, take U = 7(V) where V is a neighborhood of Q with the property 
(A). Moreover, for the neighborhoods V, take the transforms gV of V 
for all geG. 

In order that M = M/G have a complex structure it is necessary and 
sufficient that G be a group of holomorphic isomorphisms. 

If M has a Kaehlerian structure the above condition is also necessary 
and sufficient for M to have a Kaehlerian structure. 


5.9. Examples of Kaehler manifolds 


1. A complex manifold of complex dimension | is usually called a 
Riemann surface. Let S be a Riemann surface with an hermitian metric 
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ds? = p*dz dz where p is a real, positive function (of class «) of the 
local coordinates x, y(z = x + ty),t = V— 1. The fundamental 2-form 
Q = (2/2) p’dz A dz is the element of area of S. Clearly, dQ = 0 since 
dim S = 2. The real unit tangent vectors which are given by 


oe ee 
d= 7 (ate * 5) 
determine a sub-bundle B of the tangent bundle called the circle bundle. 
We define a differential form w of bidegree (1,0) by the formula 
w =e? p dz, 
Evidently, <e(~), w>) = 1. Conversely, w is uniquely determined by 
the conditions: (i) it is of bidegree (1,0) and (1i) its inner product with 
the vectors of B is 1. Consider the 1-form 6 on B defined as follows: 
0 = — dp + id’ — a") log p. 
One may easily check that 4 is real and satisfies the differential equation 


dw = 10 Aw. 


In fact, @ is the only real-valued linear differential form satisfying this 
differential equation with the property that @ = — dp (mod (dz, d2)). 
Hence, @ is globally defined in B, independent of the choice of local 
coordinates. Moreover, 


= . 2 log p e 
d0 = — 21s da /\ di. 


Now, the Gaussian curvature K of S is given by 


4 @ log p 


p? Oz az ’ 


from which 
d8 = KQ. 


It is known that a compact Riemann surface can be given an hermitian 
metric of constant curvature and that such surfaces may be classified 
according to whether K is positive, negative or zero. 

Incidentally, besides the Riemann sphere (K > 0) and the torus 
(K = 0) any other compact Riemann surface can be considered as the 
quotient space of the unit disc by some Fuchsian group. 


186 Vv. COMPLEX MANIFOLDS 
2. Consider C,, with the metric 


ds? — 25 dzi dz, 


i=l 


The fundamental 2-form in this case is given by 


Q=V-1D det a det. 
im] 
Clearly, this form is closed, and so the metric defines a Kaehler structure 
on C,. 


3. Let I bea discrete subgroup of maximal rank of the additive group 
of C,, and denote by 7,, the quotient space C,,/I’; I" is actually the discrete 
additive group (over R) generated by 2m independent vectors. It is 
clear that I‘ is a properly discontinuous group without fixed points. 
As a topological space, C,/I is homeomorphic with the product of a 
torus of dimension 2” and a vector space over R. However, C,/I" is 
compact since J" has rank 2m, and so it is isomorphic as a topological 
group with the torus. Since the complex structure on C,, is invariant 
under I" (cf. § 5.8) one is able to define a complex structure (and one 
only) on the quotient space 7,. With this complex structure the 
manifold 7, = C,/I° is called a complex multi-torus. 

Let a denote the natural projection of C, onto T,. Then, 7 isa 
holomorphic map. The metric of C,, defined in example 2 is invariant by 
the translations of I, We are therefore able to define a metric on T,, in 
such a way that a is locally an isometry. Since the property of a 
complex manifold which ensures that it be Kaehlerian is a local 
property, 7,, is a Kaehler manifold. 

We describe the homology properties of the multi-torus 7,: The 
projection q induces a canonical isomorphism 7* of the space of 
differential forms on 7, onto the space of differential forms on C, 
invariant by the translations of I”. Since the isomorphism 7* commutes 
with the operators d and 5, 7* defines an isomorphism of the space 
Aif(T,,) of the harmonic forms on 7, onto Aj*(C,,)—the vector sub- 
space of A"¢(C,,) generated by {dz} and their exterior products. For, 
the elements of A ;¢(C,,) are-harmonic and invariant by the translations 
of I’. Conversely, every form a on C, may be expressed as 


= Oy ig iy, 22 No A data A dB Av A dite 


where the coefficients are complex-valued functions. If « is the image 
by 7* of a harmonic form on 7, it is harmonic and invariant by I’, that 
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is, its coefficients Ge stg jyevd, AVe harmonic functions which are invariant 
by I. Consequently, these functions are the images by 7* of harmonic 
functions on 7,. But a harmonic function on a compact manifold is a 
constant function, and so « € A{(C,). 

4. On a bounded open set M contained in C,, there exists a well- 
defined 2-form invariant by the group of complex automorphisms of M. 
This is a consequence of the theory of Bergman. One can construct 
canonically from this form a 2-form 2 having the Kaehler property, 
namely, a2 = 0 [72]. 

5. Complex projective n-space P,: By identifying pairs of antipodal 
points of the sphere 

> gigi = 
t=0 


contained in C,,, we obtain P,. For every index j, let U; be the open 
subspace of P, defined by t? #0 where 2°, f!,---, t denote the homo- 
geneous coordinates of the points of P,. The map 


A i ut 
(t°, rhe on “= (29, zi, my zy an a) ry a a 
is a holomorphic isomorphism of U, onto C,. It is easily checked that 
these maps for ; = 0, I, --:, 2 define a complex structure on P,. 


n 
Consider the functions 9; = 2 2 defined in each open set U, 
i= 


of the covering. On U;m U;, we have 


2} = z,/2, (& not summed) 
and 


Rn 


n 2 . . 
Pu = Dy Bee = Dy (28 j)zcee = wyzcke (J, & not summed) 


t=0 t=O 
where zj is a holomorphic function in U,, and hence in U, 7 U,. The 
gy; define a real closed form 22 of bidegree (1,1) on P,,. Indeed, in U;  U, 
d'd'"(tog p; — log px) = 0. 
Hence, 2 is given by 
Q=V/—1d'd" log g; 


in each open set U,. In particular in U, 


Q =V/—1 d'd" log gy. (5.9.1) 
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Clearly, 2 is a closed 2-form, and since 


_ Ede A d+ | 2) |? Z day A diy — Z ide, A 2 agday 
ae (21a 


The associated metric tensor g (sometimes called the Fubimt metric) 1s 
given by 


dt a ela FE | ay PE | day? = | 2 a4 deo P 
(1 + 2'| 24 {?)? 


or, more explicitly by 


(9 
Bi 29% ; 
Po ad 


8s = 


We re:mark that the fundamental form 2 of any Kaehler manifold may 
be written in the form (5.9.1). For, by § 5.3, since the metric tensor g is 
(locally) expressible as 

ail 
Bis = Satage 


for some real-valued function f, 


Q=V— dxt \ di =/—1d'a"s. 


ize Ozt agi L 

6. Let M be a Kaehler manifold and M’ a complex manifold holo- 
morphically imbedded (that is, without singularities) in M. The metric g 
on M induces an hermitian metric on M’. The associated 2-form 92’ 
on M' coincides with the form induced by 2 and is therefore closed. 
In this way, the induced complex structure on M’ is Kaehlerian 


(cf. § 5.8). 


7. Let G(n, k) denote the Grassman manifold of k-dimensional projective 
subspaces of P,, [26]. It can be shown that it is a non-singular irreducible 
rational variety in a Py for sufficiently large N. Moreover, its odd- 
dimensional betti numbers vanish whereas 6,,, is the number of partitions 
of p=a,t+ta,+ ++ a, (a: integers) such thatOS a Sa, S °° 
Sasn—k. 
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Example 6 in § 5.1 cannot be given a Kaehler structure except for 
S1 x S! since in all other cases 5, is zero. It may be shown by employing 
the algebra of Cayley numbers (cf. V.B.7) that the 6-sphere S® possesses 
an almost complex structure. However, since 5,(S*) = 0, S® does not 


have a Kaehlerian structure. 
Besides S?, the only sphere which may carry a complex structure is S®, 
However, it can be shown that the almost complex structure defined 


by the Cayley numbers is not integrable. 
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A. Holomorphic functions [50] 


1. Let S be an open subset of C,,. In order that f ¢ F (the algebra of differentiable 
functions on S) be a holomorphic function it is necessary and sufficient that 


(gr + V=1 Za) =0, i=1yn 


where 2? = xi + V— Iyt. Put f=wu+ V— 1. Then, 


These are the Cauchy-Riemann equations. Prove that the holomorphic functions 
on S are those functions which may be expanded in a convergent power series 
in the neighborhood of every point of S. 

If f is a holomorphic function and a@ = (a!,-:, a") eS, then, for every 
b = (6, ---, b") E C,, the function 


8(2) = f(a + 2) 


is a holomorphic function in a neighborhood of zs = 0 €C. 
2. (a) Let f be a holomorphic function on the complex manifold M. If, for every 
point P with local coordinates (21, ---, 2") in a neighborhood of P, with the local 
coordinates (a1, -*-, a”), | f(z, +, 2") | S [f(a@!, +, at) |, then f(z), -", 2") = 
f(@, ***, a") for all P in a neighborhood of Py. Hence, if M is compact (and 
connected), a holomorphic function is necessarily a constant. 


(b) A compact connected submanifold of C,, is a point. 
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3. Show that a holomorphic function on a (connected) complex manifold M 
which vanishes on some non-empty open subset must vanish everywhere on M. 


4. Let « be a holomorphic ]-form on the Riemann sphere S?. Then, in Cj—the 
complex plane, « = f(z)dz where f(z) is an entire function. By employing the 
map given by 1/z at o show that f(1/z)1/z? has a pole at the origin unless 
f(z) =0. In this way, we obtain a direct proof of the fact that S* is of genus 0. 


B. Aimost complex manifolds [50] 


1. Let X and Y be any two vector fields of type (0,1) on the almost complex 
manifold M. Then, in order that M be complex it is necessary that [X,Y] be of 
type (0,1). Denote by T° and T°? the spaces of tangent vector fields of types 
(1,0) and (0,1), respectively, on M. 
2. On an almost complex manifold M the following conditions are equivalent: 

(ay [23 Py Co 

(b) dAv" CAM? @ Aw! for every g and r; 

(c) A(X,Y) = [X,Y] + JLJX,Y] + J[X, JY] — [JX, JY) = 0 for any vector 
fields X and Y where J is the almost complex structure operator of M. 

Hence, in order that M be complex it is necessary that h(X,Y) =0, for 
any X and Y. Show that the condition (c) is equivalent to (5.2.18). 
3. h(X,Y) is a tensor of type (1,2) with the properties: 

(i) AX + Y,Z) = h(X,Z) + WY,Z), 

(ii) A(X, Y) = — A(Y,X), 

(ili) A(X,SY) =f MXY) 
for any X,Y,Z e T and fe F. 
4. If dim M = 2, M is complex. 

Hint: A(X,]X) =0 for all X. 
5. Let G be a 2n-dimensional Lie group, L the Lie algebra of left invariant 
vector fields on G and J an almost complex structure on G. If the tensor field 
J of type (1,1) on G is left invariant, that is, if J is a left invariant almost complex 
structure, then JL =L. The integrability condition may consequently be 
expressed as h(X,Y)=0 for any X,Y € L. Since every bi-invariant (that is, both 
left and right invariant) tensor field on a Lie group is analytic it follows that 
every left invariant almost complex structure on an abelian Lie group defines a 


complex structure on the underlying manifold. (It is known that a bi-invariant 
almost complex structure on any Lie group is integrable.) 


6. Show that any two complex structures on a differentiable manifold which 
define the same almost complex structure coincide. 
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7. Let C denote the algebra of Cayley numbers: It has a basis {T,e9,¢;, *", eg} 
where J is the unit element and the multiplication table is 


2 . . ee 

ee=—T, ee; =—e;,:e (i 4), if =O0,1,-, 6, 
My Oy 7 €yy Cg Cg = Cg, Cg Cs = — ee, 

ey, ° ey = C5, 01+ €g = Cg, Cn Cg = Oy, Cg + Cy = — 


the other e, - e; being given by permuting the indices cyclically. The algebra C 
is non-associative. 
Any element of C may be written as 


xl +X, xeR 
where 


6 
X =>) xe, xteR, 1=0,1,°", 6. 


i=0 


If x == 0, the element is called a purely imaginary Cayley number. These numbers 
form a 7-dimensional subspace E? ¢ C. The product X : Y of X = L8_, xte, € E” 
and Y = L8_, y'e, « E’ may be expressed in the form 


Xx Y=—(X,YI4+X x Y 


where 
8 


(XY) = Daly! 
imQ 
is the scalar product in E’, and 
XX Y => xtyle, + e; 
t#i 

is the vector product of X and Y. The vector product has the properties: 

(i) (aX, + 6X,) x ¥ = aX, x ¥) + 6X x Y), 

(i) X x (c¥Y, + dY,) = c(X x Y,) + d(X x Y,) 
for any a, b,c,deR; 

(ii) <X,X x Yo = <Y,X x YD =O and 

(ill) X¥ X Y=—YXx X. 
Consider the unit 6-sphere S¢ in E: 

S* = {X € E7|{X,X> = }}. 


Let g denote the (canonically) induced metric on S*, The tangent space Ty 
at X € S® may be identified with a subspace of E”. 
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Define the endomorphism 
Ix : Tx > Ty 
by 
JTxY=Xx Y, YeTy. 


It has the properties: 


(i) J} = — identity; 
(ii) gJxY, JxZ) = e(Y,2Z) 
for Y,ZeTx. 


Property (i) implies that S® has an almost complex structure whereas (ii) says 
that the metric on S* is hermitian. Under the circumstances, S® is said to possess 
an almost hermitian structure. 


8. Consider the 3-dimensional subspace £3 ¢ E” spanned by the vectors 
€p:€),€ € E”, S* M E% is a 2-sphere S?. Show that S? is an invariant submanifold 
of S®, that is, for any X ¢ S? the tangent space Ty to S? at X is invariant under 


Jx: 


C. Hermitian manifolds [50] 


1. Let M be a Riemannian manifold with metric tensor g. Show that there 
exists a mapping 
xX > Dx 


of T into the space of endomorphisms of T with the properties: 
(a) Ze(X,Y) — e(DzX,¥) — @(X,DzY) =0 

(parallel translation is an isometry); 
(b) DyY — DyX = [X,Y] 

(torsion is zero) 

for any X,Y,Z € T. 


Hint: Assume the existence of this map and show that 
29(X,DzY) = Zg(X,Y) — Xe(Y,Z) + Ye(Z,X) 
+ 8(¥[X,2Z]) — (XYZ) — o(Z,1Y,X)) 
for any X,Y and Ze T. Conversely, this relation defines for every Y,Z ¢ T 


an element DzY ¢ T. The map Z— Dz is thus unique. For every Ze T, Dz 
is called the operation of covariant differentiation with respect to Z. 
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2. Establish the identities: 
(i) Dy+y = Dx + Dy, 
(il) Dyx¥ = f(DxY), 
(iii) Dy(Y + Z) = DyY + DyZ, 
(iv) Dx(fY) = ANY + fxY), 
(v) DyY = DgY (if M is almost complex) 
for all X, Y, Z ¢ T and f ¢ F—the algebra of differentiable functions on M; 


; 0 é ma 
(v1) & (Da > , ae] = Bmk ry 
aut 


where the Iz} are the coefficients of the Levi Civita connection. 

From (ii) it follows that for any point P, Dx, ¥(P) depends only on X(P) and Y, 
that is, if X\(P) = X,(P), then Dy Y(P) = Dx, Y(P). 
3. A p-form a on M may be considered as an alternating multilinear form on 
the F-module T with values in F, that is «(.X,, --:,.X,) ¢ F for any X), +, .X, € T. 
Toa p-form a on M we may associate a p-form Dya on M called the covariant 
derivative of « with respect to X by putting 


Dp 


(Dye) (Y,, +, Y,) == Xa( Vy, +, Yp) =), a( Yj, ++, DxY,, ++, VY»). 


t=1 
Show that the map 
Dx: A?(M)—> AM) 


so defined is a derivation. 

The map Dy may be extended in the obvious way to tensors on M of type 
(0,p) which are not necessarily skew-symmetric. Hence, the covariant derivative 
of the metric tensor g with respect to the vector field X vanishes, that is 


Dyg =0 
for all X € T. 


4. Establish the equivalence of the following statements for an hermitian 
manifold with metric g whose complex structure is defined by J: 


(a) Dx(JY) = (DxY), 
(b) Dyx8 = 0 where 2(X,Y) = g( JX,Y), 
(c) d2=0 

for any X,Y eT. 
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Hint: In a Riemannian parallelisable manifold, the map 


where {X,} and {6*}are dual bases is an anti-derivation. Show that d and d agree 
on AM) and A}(M), and hence on A(M). 
If any of these conditions is satisfied, the manifold is Kaehlerian and 92 is the 
fundamental form defining the Kaehlerian structure. Note that 
BX, JY) + g(JX,Y) = 0. 


Incidentally, from the formula 


n 


da =>) «(6*)Dy, a 


i=l 


we may derive the formula 


pti me 
(dx) (Y1, wy Ya) = > (- pe Yo Y,, very Y,, wrty ¥ 4) 


+2 (+ 1D a a([Y,, Y;), Yi, aie Y., sae Y, nry Y 541) 
Hence, (da) (X,Y) = Xo(¥) — Yo(X) — o(LX,Y]) (cf. formula (3.5.2). 


5. If M is Kaehlerian, show that DyA%™(M)C A%"(M) for every pair of inte- 
gers (9,7) and any X eT. 


6. Let M be a complex manifold, J the linear endomorphism of T defining the 
complex structure of M and 92 a real form of bidegree (1,1) on M. Then, 


QA IJX,Y) + AX, JY) = 0 
2(X,Y) = QYX, JY) 
for any X,Y e T. Show that the ‘metric’ g defined by 
XY) = 2X, JY) 


is symmetric, hermitian and real; hence if 2 is closed and g is positive definite, 
the metric is Kaehlerian. 


from which 


D. The 2-form 2 
1. The form 
Q=V —1d'd"f 


where f is a real-valued function of class « on the complex manifold M is real, 
closed and of bidegree (1,1). Let {U,} be an open covering of M. For each i 
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let f; be a real-valued function of class «© with no zeros in U,. If, for each 
pair of integers (z,;) there exists a holomorphic function 4,;on U; A U; such that 


fe = Sy his hiss 
then, there exists a real closed form {2 of bidegree (1,1) on M such that 


Q=vV—1d'd" logs, 
on each open set U;. 
2. Let {U;} be an open covering of M by coordinate neighborhoods with complex 
coordinates (z*) and Y a real 2n-form of maximal rank 2” on M. Then, the 
restriction VY, of ¥ to each U, is given by 


WY, = fide! Aw A da A d2) A / d2, 


where f; is either a real or purely imaginary function with no zeros in U,; 
moreover, on U; n U; 
fo=Syhe hy; 

where #,; is a holomorphic function on U,; m U;. Show that Y determines a 
real, closed 2-form of bidegree (1,1) and maximal rank on M. 

Bergman has shown that on every bounded open subset S of C,, there exists 
a well-defined real form of degree 2n invariant under the complex automor- 
phisms of S and independent of the imbedding. With respect to this form we 
may construct a 2-form {2 on S whose associated metric is Kaehlerian. 


E. The fundamental commutativity formulae. Topology of Kaehler 
manifolds [50, 72] 


1. Let M be an hermitian manifold with metric g. Assume that 71°° is a free 
F-module; this is certainly the case if M is holomorphically isomorphic 
with an open subset of C,,. Let {X,, --, X,} be a basis of T!-°; then, {X,, -:, X,} 
is a basis of T°!. By employing the Schmidt orthonormalization process the 
X,,1 = 1,°", may be chosen so that 


o(X;,X;) = 3; 


(cf. equations (5.2.13) and (5.3.1)). Consider this basis of T* = T° @ T! 
and denote by {0',, t= 1,°+,n the dual basis. Then, 


6 =D HOH +H OMY 
and 


Q=V-1TDONK. 
i=] 
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Establish the formulae 


n 


d’' =>) «(6)Dx,, a” = 


tom] tom] 


| 
M 
$ 

oS 
= 


and 


n 


8 = —Sidz, 8" = — DOD, 


jel j=l 
Hint: Employ C.4. 
2. Using the above formulae for d’,d’’,5’, and 8’’ as well as formula (5.4.2) 
derive the fundamental lemma 5.6.1. 


3. Establish the formulae 


eL— LY =vVv—1d". 
8VL — L8"” = —-vV—-1d’. 


These relations are the duals of those in lemma 5.6.1. 


and 


4, For a complex manifold M, A**(M) is a direct sum of the subspaces A %7, 
that is any a € (\*°(M) may be uniquely expressed as a sum of pure forms a, , 
of bidegrees (g,r), respectively. Consider the map 


Piet A*(M)—> Att 


sending « into a,,. If M is Kaehlerian denote by A the algebra of operators 
generated by *, d, L, and P, ,. Show that 4 belongs to the center of A. If M is 
compact prove that the operators H and G associated with the underlying 
Riemannian structure also belong to the center. In particular, 4, H and G 
commute with d’, d’’, 8’, 8”, and A. 

5. Prove that the harmonic part H[«] of a pure form « of bidegree (9,7) on a 
compact hermitian manifold is itself of bidegree (q,r) (cf. II.B.3). 


6. Let D@7(M) denote the quotient space of the space of d-closed forms of 
bidegree (9,r) on the compact Kaehler manifold M by the space of exact forms 
of bidegree (9,7). Prove that D?(M) is the direct sum of the spaces D*'7(M) 
with g +r =p. (Note that this decomposition is independent of the Kaehler 
metric.) 

The map «-—» & induces an isomorphism of D%7(M) onto DM). Hence, 
by» = 5, where b,, = dim D™"(M). 

In terms of the complex structure on DR(M) (the p'" cohomology space 
constructed from the subspace of real forms) induced by that of M, it may be 
shown once again that 4, is even for p odd. 

Hint: Extend the complex structure J of M to p-forms on M and prove that 
J? =(~—1)I where f denotes the induced map on /?; then, prove that 
Jand 4 commute. 


CHAPTER VI 


CURVATURE AND HOMOLOGY 
OF KAEHLER MANIFOLDS 


It is a classical theorem that compact Riemann surfaces belong to 
one of three classes (cf. example 1, § 5.9). However, for several complex 
variables the situation is not quite so simple. In any case, there is the 
following generalization, namely, if M is a compact Kaehler manifold 
of constant holomorphic curvature k (cf. § 6.1), its universal covering 
space is either complex projective space P,(k > 0), the interior of a 
unit sphere B,(k < 0), or the space C,, of m complex variables (k = 0). 
These spaces are of interest in algebraic geometry; indeed, they provide 
a source of examples of algebraic varieties. In analogy with the real case 
(cf. §3.1) a (compact) Kaehler manifold of constant holomorphic 
curvature is called elliptic, if k > 0, hyperbolic, if k <0 and parabolic 
if k=. By an application of the results of Chapter V it is shown that an 
elliptic space is homologically equivalent to complex projective space. 
It is, in fact known, in this case, that M is actually P, itself. If the 
manifold M is parabolic it can be represented as the quotient space 
C,,/D where D is a discrete group of motions in C,, namely, the 
fundamental group. The group I" in example 5, § 5.1 is a normal sub- 
group of D of finite index with 2” independent generators. The complex 
torus T, = C,/I is then a covering space of M. 

On the 1-dimensional (complex) torus T, there is essentially only one 
holomorphic differential, namely, dz in contrast with the Riemann 
sphere on which none exist (cf. § 5.6). In higher dimensions there is the 
analogous situation, that is, on 7,, there are n independent holomorphic 
pfafhan forms whereas in the elliptic case there are no holomorphic 
|-forms. More generally, on a compact Kaehler manifold of positive 
definite Ricci curvature, there do not exist holomorphic p-forms 
(0 <p S14) [58]. 

The reader is referred to §5.9, example 3 for a description of the 
complex torus. Now, the torus has ‘zero curvature’ and this fact is decisive 


197 


198 VI. CURVATURE AND HOMOLOGY: KAEHLER MANIFOLDS 


from a geometrical standpoint in describing its homology. More 
generally, a compact hermitian manifold M of zero curvature has as its 
universal covering space Ma complex Lie group. If D (the fundamental 
group) is a discrete group of covering transformations of M whose 
elements are isometries acting without fixed points, then M is homeo- 
morphic with 7/D. If M is simply connected, a necessary condition 
for zero curvature is complex parallelisability by means of a parallel 
field of orthonormal frames, that is, the existence of 2 globally defined 
linearly independent holomorphic vector fields which are parallel with 
respect to the connection defined tn § 5.3. On the other hand, a complex 
parallelisable manifold has a natural hermitian metric of zero curvature. 
The existence of a metric with zero curvature is consequently a weaker 
property than parallelisability. The problem of determining those 
manifolds with a locally flat hermitian metric is considered. It is shown 
that a compact hermitian manifold of zero curvature is homeomorphic 
with a quotient space of a complex Lie group modulo a discrete 
subgroup. It is Kaehlerian, if and only if, it is a multi-torus [69]. 

The hyperbolic spaces will be considered from the point of view of 
the problem of imbedding into a locally flat space. Our interest lies in 
the local properties of a manifold for which a holomorphic imbedding 
which induces the metric is possible. If the Ricci curvature is positive, 
it is not possible to define such an imbedding. On the other hand, negative 
Ricci curvature is not sufficient to guarantee this. For, one need only 
consider the classical hyperbolic space defined by the metric g(z, 2) = 
(1 — 22)-? in the unit circle | z|< 1. Such imbeddings consequently 
appear rather remote and can only occur if the Ricci curvature is not 
positive [5]. 

Whereas positive Ricci curvature yields information on homology, 
negative curvature is of interest in the study of groups of transformations 
(cf. Chap. III). Chapter VII is concerned essentially with the study of 
groups of holomorphic and conformal homeomorphisms of Kaehler 
manifolds, and so some of the results for negative curvature are post- 
poned until then. In any case, the elliptic and parabolic spaces are 
particularly interesting from our point of view in that their homology 
properties may be described by the methods of Chapters III and V. 

For negative curvature no holomorphic contravariant tensor fields of 
bidegree (p, 0) can exist. Hence, in particular (as already observed), 
the manifold is not complex parallelisable. A generalization may be 
obtained by assuming that the 1% Chern class is negative definite 
(cf. VIL.A.4). 

The Gauss-Bonnet formula is also particularly interesting from our 
point of view. In fact, if Mis a compact Kaehler manifold on which there 
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are ‘sufficiently many’ holomorphic pfaffian forms, then (— 1)" yx(M) 20 
where y(M) is the Euler characteristic. An example is provided by T, 
for which it is clear that y(7,,) = 0 [8]. 

Denote by the pair (M, g) a Kaehler manifold with metric g and under- 
lying complex manifold M. Consider the Kaehler manifolds (M, g) 
and (M, g’). If the connections w and w’ canonically defined by g and g’, 
respectively, are projectively related, a certain tensor w (the complex 
analogue of the Weyl projective curvature tensor) is an invariant of 
these connections. Its vanishing is of interest. For, if w = 0, the manifold 
(M, g) (or (™M, g’)) has constant holomorphic curvature. Conversely, fora 
manifold of constant holomorphic curvature, w == 0. In this way, constant 
holomorphic curvature is seen to be the complex analogue of constant 
curvature in a Riemannian manifold [33]. (A Kaehler manifold of 
constant curvature is of zero curvature). The homological structure of 
elliptic space is, as previously mentioned, identical with that of P,. 
However, the betti numbers of P,, are retained even for deviations from 
projective flatness [7]. 

An important application of the results of Chapter III is sketched 
in § 6.14 where the so-called vanishing theorems of Kodaira are obtained. 
These theorems are of interest in the applications of sheaf theory 
to complex manifolds since it is important to know when certain 
cohomology groups vanish. 


6.1. Holomorphic curvature 


Let M bea Kaehler manifold of constant curvature K whose complex 
dimension is . Then, from (1.10.4) the curvature tensor is given by 


Rapcp = K(8ac8ap —- 8AC8RD): 


(‘The same systems of indices as in Chapter V are maintained throughout.) 
In terms of local complex coordinates these equations take the form 


Rysenre = KBs ne Sire 
from which 
om R’ ne = K&, Biv 


Substitution of this last set of equations into (5.3.39) gives 


KS, Bie = K8, gui, 


that is 
Kg = 2K gi. 


200 VI. CURVATURE AND HOMOLOGY: KAEHLER MANIFOLDS 
Hence, 


Theorem 6.1.1. 4 Kaehler manifold of constant curvature is lecally flat 
provided n > 1. 


If, instead of insisting that all sectional curvaturés at a given point 
are equal, we require that only those determined by any two orthogonal 
vectors in the tangent space at each point are equal, the same conclusion 
prevails, since the bundle of orthogonal frames suffices to determine the 
Riemannian geometry. For complex manifolds, however, it is natural 
to consider only those 2-dimensional subspaces of the tangent space 
defined by a vector and its image by the linear endomorphism J giving 
the complex structure. Indeed, to each tangent vector Xp at a point P 
of the hermitian manifold M, one may associate the tangent vector (JX) 
at P orthogonal to Xp. The section determined by these vectors will be 
called a holomorphic section since it is defined by the complex structure. 
We shall denote the sectional curvature defined by the holomorphic 
section determined by the vector Xp by R(P, X) and call it the 
holomorphic sectional curvature defined by Xp. 

We seek a formula in local complex coordinates for R(P, X). To 
begin with, if 

xa Sapte te 
0x4 dz? az” 
then, from (5.2.4) 
JX a=9t Sava va 


Q 
Hence, from (1.10.4) 
R £4 B EC pD 
R(P,X) = ABCD §* 7) 
ve) (Sac ap — Sap 8c) €4 48 EC 4P 


) 
ax 


where 7° = V— 1 & and 7" = — V— 1 €**. Now, it is easy to see that 

Rancp €4 73 €© nP = — 4Rijegre EE" EF EY 

and 
(gac ap — Bap Bac) &4 0 & 4? = — gis Bare CPE" EF EP. 


Consequently, : : ee 
RP Xa eee Se 
ve) Brie Brie $F EF* EF FF 


which, by reasons of symmetry, may be expressed in the form 


DRucget! eee 
R(P, See ee 
ee) (Sis+ Bare + Bie Buse) EE EP” EF EF 
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Suppose that R(P, X) is independent of the tangent vector X chosen 
to define it. Then, the curvature tensor at P has the representation 


k 
Rijn = > (213+ Bare + Bite Sais) (6.1.1) 


where & = k(P) denotes the common value of R(P, X) for all tangent 
vectors X at P. For, by assumption, the equation 


k 7 ,* *. 
[Rosen > (Biss Bere + Bie Lass ] ERE EN ELS =O 


is satisfied by the 2 independent variables (¢*, &*), Hence, since 
both sides of (6.1.1) are symmetric in the pairs (2, k) and (j, J) we have 
the desired conclusion. 


Theorem 6.1.2. If the holomorphic sectional curvatures at each point of a 
Kaehler manifold are independent of the holomorphic sections passing 
through the point, they are constant over the manifold. 

We wish to show that the function & appearing in (6.1.1) is a constant. 
By assumption, the curvature tensor has this form at each point of M. 
Transvecting (6.1.1) with g*!’ we derive 


Rie =F hen, (6.1.2) 


that is M is a ‘(Kaehler-) Einstein’ space (cf. § 6.4). Hence, from 
(5.3.29) and (5.3.38) the 1** Chern class of M is given by 


n+] 
4n 


dk \ 2 =0, 


pa AQ. 


Since ¢% is closed, 


from which by corollary 5.7.2, dk must vanish for ” 2 2. 

If at each point of a Kaehler manifold the holomorphic sectional. 
curvature is independent of the tangent vector defining it, the manifold 
is said to have constant holomorphic curvature. 


Theorem 6.1.3. P, may be given a metric g in terms of which it is a 
manifold of constant holomorphic curvature. 


Indeed, we give to P, the Fubini metric g of example 5, § 5.9: 


8; 2 3 
Bij = se : Ce ag 25 ag (6.1.3) 
Po i=0 


in the coordinate neighborhood U4. 
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At the origin of this system of local complex coordinates g,;. = 8,;. 
Hence, from (5.3.19), a straightforward computation yields 


Rijerrs = 84; Or + Ser Say 5 
and so from the covering of P,, given in § 5.9, since 
d’ d’ log yy = d’ a” log 9; 


for every index j = 1, --, m, the curvature tensor has this form every- 
where. In other words, since there exists a transitive Lie group of 
holomorphic homeomorphisms preserving the metric, the curvature 
tensor has the prescribed form everywhere. 


Corollary. The holomorphic sectional curvature with respect to g of 
complex projective space 1s positive. 

An application of theorem 3.2.4 in conjunction with theorem 5.7.2 
yields the betti numbers of a compact Kaehler manifold with the 
Fubini metric (6.1.3) and, in particular, those of P,,. 


Theorem 6.1.4. The betti numbers b, of a compact Kaehler manifold M 
of posttive constant holomorphic curvature vanish if p ts odd and are equal 
to I if p is even: 


bop = 1, Bere = 0, OSr Sn. 


To see this, let 8 be an effective harmonic p-form on M. Then, 
B is a harmonic p-form, and since 


AB =(— 1)? * L* B 
= AB =0 


(cf. §5.4 for the definition of * for complex differential forms), it is 
also effective. It follows that 


a=B+B 


is a real effective harmonic p-form. Now, puta=a@4.__4, dz4i A A dz4s 
and compute F(a) (cf. fermula (3.2.10)). In the ‘first ates from 
(6.1.2) 


Rypat4e-Ara® 4,4 = cea A 
+ Ria 40 Asal ys 4, ,..A,) (6.1.4) 


= (n + 1) Ra AS Asai a, a, + aA Andie Ay...Ay) 
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and from (6.1.1) 


ai 

Rapcpat?4s-Ara@? 4, 4, = 4R 555.3" Balogh ae oa 
= 2g. ats. -Aggkl™ , 4 

(8: Exre gy (6.1.5) 


; 
— qi Aa Asai Ay. Ay)* 


Next, we derive an explicit formula for A« in local complex 
coordinates (2*). From (5.4.2) and (5.3.12) 


Ag = V—1 > Edy in (S)i (ae 


= Va Tg iS) (3) a ctamrored 2 Ao A dale A dB Aw A diy, 


Hence, since the interior product operator is an anti-derivation 


Aa = > VAT (A 1) gag ig yey ets 
rye (6.1.6) 
dh Aw A data A d®5 A. A do, 


Returning to equation (6.1.5), we conclude that 


Ragone Pas 40a? 4,4, = — 2hallA0Asaisn aya, 


Combining (6.1.4) and (6.1.5), the quadratic form 
F(a) = (n + 1) hatiaenAra.. 4 4, + (n—p +2) hati As- Asa. aa, 
2), Op Se 


that is, there are no non-trivial real effective harmonic p-forms for 
p Sn. Hence, by theorem 5.7.2 


b,2=b,, pnt. 


Now, by theorem 3.2.1, since the Ricci curvature is positive definite 
(by virtue of the fact that k is positive), 5, vanishes. Thus 


boyy =O, 27 Sx. 


On the other hand, since M is connected, 6, = 1, and so 
by = 1, Irae. 


The desired conclusion then follows by Poincaré duality. 
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Corollary 1. The betti numbers of P,, are 
be = 1, bay =O, OSrSn. 


Since P,, is connected, it is only necessary to show that P,, is compact. 
The following proof is instructive: In C,,, with the canonical metric g 


define the sphere 
ith = {e € Coal &(Eo; eq») a 1}. 


Consider the equivalence relation 


€ ™~ 
defined by 


, __ ip 
0 =e" & 


where ¢ is a real-valued function. P, is thus the quotient space of S?"+! 
by this equivalence relation. In fact, P, may be identified with the 
quotient space U(z + 1)/U(n) x U(1). To see this, consider the unitary 
frame (€4, e4+), A =0,1, +, obtained by adjoining to e, vectors — 
e; in such a way that the frames obtained from (e4,e,+) by a trans- 
formation of U(n + 1) are unitary. Since the frames obtained from 
(; €y*)) t = 1,°,2 by means of the group U(m) are unitary, P, has 
the given representation. That P,, is compact now follows immediately 
from the fact that the unitary group is compact [27]. 

Incidentally, this gives another proof that P,, is a Kaehler manifold. 
For, by the compactness of U(m + 1) we may construct an invariant 
hermitian metric by ‘averaging’ over U(n + 1). The fundamental form 
2 is thus invariant. Hence, since U(m + 1)/U(n) x U(1) is a symmetric 
space, that is, the curvature tensor associated with this metric has 
vanishing covariant derivative, 2 is closed (cf. VI.E for the definition 
of a symmetric space). We have invoked the theorem that an invariant 
form in a symmetric space is closed. (That P, is a symmetric space 
follows directly from the fact that with the Fubini metric it is a manifold 
of constant holomorphic curvature). The reader is referred to VI.E 
for further details. 


Corollary 2. There are no holomorphic p-forms, 0 <p<n on P,. 
In degree 0 the holomorphic forms are constant functions. 


Indeed, by (5.6.4) the p™ betti number 


by = > bar 


g+r=p 
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Since the even-dimensional betti numbers are each one and b,, = ,,, 
we conclude that 


boo = Oy SH = bay = 1 
with all remaining 6,,, zero. In particular, 
6,9 =O forp £0. 


By employing the methods of theorem 3.2.7, it can be shown that a 
4-dimensional 8-pinched compact Kaehler manifold is homologically P, 
provided 6 is strictly greater than zero (strictly positive curvature). 
The reader is referred to VI.D for details. Hence, S? x S? considered 
as a Kaehler manifold cannot be provided with a metric of strictly 
positive curvature. In fact, it is still an open question as to whether 
S? x S2% can be given a Riemannian structure of strictly positive 
curvature. For more recent results the reader is referred to [90] and [94]. 

The z-sphere, complex projective m-space, quaternionic projective 
n-space and the Cayley plane are the only known examples of compact, 
simply connected manifolds which may be endowed with a Riemannian 
structure of strictly positive curvature [/]. 


6.2. The effect of positive Ricci curvature 


Since the Ricci curvature associated with the Fubini metric of P,, is 
positive it is natural to ask if corollary 2 of the previous section can be 
extended to any compact Kaehler-Einstein manifold with positive Ricci 
curvature. An examination of the proof of theorem 6.1.4 reveals more, 
however. For, if 8 is a holomorphic form of degree p, 


a=B+ 6 


is a real p-form; in fact, x is harmonic since 8 and P are harmonic. Hence, 
since a is the sum of a form of bidegree (p, 0) and one of bidegree (0, p) 
it follows from the symmetry properties of the curvature tensor that 


F(a) = Ragat4s4ra8 4, 4 


— 2Rjate teats, i, . 


Pp 


Let M be a compact Kaehler manifold of positive definite Ricci 
curvature. Then, by theorem 3.2.4, since « is harmonic, and F(q«) is 
Positive definite, « must vanish. 
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We have proved 


Theorem 6.2.14. On a compact Kaehler manifold of positive definite 
Ricci curvature, a holomorphic form of degree p, O0<p Sn is necessarily 


zero [4, 58]. 


6.3. Deviation from constant holomorphic curvature 


In this section a class of compact spaces having the same homology 
structure as P,, and of which P, is itself a member is considered. They 
have one common local property, namely, their Ricci curvatures are 
positive. Aside from this their local structures can be quite different— 
their classification being made complete, however, by means of a 
condition on the projective curvature tensors associated with these 
spaces. They need not have constant holomorphic curvature. If instead, 
a measure W of their deviation from this property is given, and if the 
function W associated with a space ™ satisfies a certain inequality 
depending on the Ricci curvature of the space, M is a member of the 
class. 

Consider the Kaehler manifolds (M,g) and (M,g') of complex 
dimension 2. If the matrices of connection forms w and w’ canonically 
defined by g and g’, respectively are projectively related their coefficients 
of connection are related by 


Phe = Tie + Di Be + Pe 8 (6.3.1) 
(cf. § 3.11). Since 
“4 ers 
R ie = aa 


a a t t 
= ogi Cie + ps 8 + Pe 95), 
RY nye = Rye + 84 Diels + 85 DePee (6.3.2) 
It follows easily that the tensor w with components 
t t 1 t ot 
Woe = R yee + pam 3 + Rare 83) (6.3.3) 
is an invariant of the connections w and w’. For this reason we shall call 


it the projective curvature tensor of (M, g) (or (M, g')). It is to be noted 
that w vanishes for » = 1. Its vanishing for the dimensions n > 1! is 
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of some interest. For, if w = 0, the curvature of M (relative to g or g’) 
has the representation 


j 1 i i 
yeu == pam (Ryze 8, + Ria 83) 
from which : 
Rye ke n+l (Rie Exy= + Ruy Size): (6.3.4) 


Applying the symmetry relation (5.3.41) we obtain 


Rive Six + Raw Sie = Rage Sire + Rise Gare 


which after transvection with g‘!* may be written as 


R 
Rie = an Skit 
Substituting for the Ricci curvature in (6.3.4) results in 


Rigen = ae (Sire Base + Sere Size) (6.3.5) 
Thus (M, g) (or (M, g’)) is a manifold of constant holomorphic curvature. 

Conversely, assume that (M, g) is a manifold of constant holomorphic 
curvature. Then, its curvature has the representation (6.3.5). Sub- 
stituting for the curvature from (6.3.5) into (6.3.3) we conclude that 
the tensor w vanishes. 

Hence, a necessary and sufficient condition that a Kaehler manifold be of 
constant holomorphic curvature 1s given by the vanishing of the projective 
curvature tensor wW. 

It is known (cf. theorem 6.1.4) that a compact Kaehler manifold of 
positive constant holomorphic curvature (w= 0) is homologically 
equivalent with complex projective space. It is of some interest to inquire 
into the effect on homology in the case where w does not vanish. Under 
suitable restrictions we shall see that the betti numbers of P,, are retained. 
Indeed, the homology structure of a compact manifold of positive 
constant holomorphic curvature is preserved under a variation of the 
metric preserving the signature of the Ricci curvature and the inequality 
(6.3.7) given below. To this end, we introduce a function 


| Wijenre 09° tt" | 
<tt> 


where W,yj4.35 = — g,;+W"y1+, the least upper bound being taken over 
all skew-symmetric tensors of type ( 4): 


2W= sup (6.3.6) 
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Theorem 6.3.1. In a compact Kaehler manifold M of complex dimension n 
with positive definite Ricci curvature, if 


0-£¢t)x>0-nm 


for all p = 1, +, n where 
int $288 


<8, &) 


the greatest lower bound being taken over all (non-trivial) forms of degree 1, 
M ts homologically equivalent with P,, [7]. 

The idea of the proof, as in theorem 6.1.4, is to show that under the 
circumstances there can be no non-trivial effective harmonic p-forms 
on M for p S n. Once this is accomplished the result follows by Poincaré 
duality. 

Let a= ay, 4d241 A A dz4s be a real effective harmonic 
p-form on M. Then. from 3. 2.10), (6.3.3), and (6.3.6), 


= 


$F (a) = Rig afde-As alg... a, + (P — WRegerre as Aral ga, 


1 vs 
Rize at Ay a, a Ay 


zi) 


+ (p — 1)Wojenye @2*4a + As at y a 


= Ry as Asay ga + (1 — 


= Riz athAs--Ay aay ae Age [( ~4) ro — (P — Ww] : 


if* 
. Qtitas ».. A, Gij* Ay... Ay 


Since A, > 0 the desired conclusion follows. 


Corollary. Under the conditions of the theorem, if 


2Xo 
We (@—Nintl) ; (6.3.7) 


M ts homologically equivalent with complex projective n-space. 


6.4. Kaehler-Einstein spaces 


In a manifold of constant holomorphic curvature k, the general section- 
al curvature K is dependent, in a certain sense, upon the value of the 
constant &. In fact, if k > 0 (<0), so is K; moreover, the ratio of the 
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smallest (largest) to the largest (smallest) value of K is 4 provided k > 0 
(<0). To see this, let K = K(X, Y) denote the sectional curvature 
determined by the vector fields X = €42@/éz4 and Y = y40/az4. 
Then, 
= Ragcp ee 7? ap 7? = 
(fac 84D — Sav Sac) €4 8 EC 9P 
= Riserre (SF 9 — 8 ot) (ER — 
(gise E29” + Bese 0 EP)? — Aine BE gare nF yh" 
_, PBiie Sein + Sir Bellen Se ay ASP gt ee) 
[KXY> + CY, XD) — 4X, XD CY, YD 
8 oy + <¥iao° = (X,Y) <Y,X> a (X,X> <i Y> 
CAYO A DOR YO CY A a kV ee AC CPE 


where (X,Y) = g,;.€'y’" denotes the (local) scalar product of the 
vector fields £'@/4z' and 7°" é/d3 in that order. 


If we put 
Ste a RO. ee fp 
[<X,X> <Y,Y>p? =re", i= V/ i 
then 
1 + r? — ?r* cos 26 3 beans 
R=" 92 OF cos 06 (! 4] See 


Hence, since 0S 7 <1, 


Os 


from which we conclude that 
O<dk<K<k (6.4.1) 
if k is positive, and if k is negative 


RS KS4R<O. (6.4.2) 


Theorem 6.4.1. The general sectional curvature K in a manifold of 
constant holomorphic curvature k satisfies the inequalities (6.4.1) for k > 0 
and (6.4.2) for k <0 where the upper limit in (6.4.1) and the lower limit 
in (6.4.2) are attained when the section ts holomorphic [5]. 

Thus, for k > 0 the manifold is 4-pinched. This result should be 
compared with theorem 3.2.7. 
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From 1.10.4 it is seen that the Ricci curvature « in the direction of 
the tangent vector X is given by 


_ QX, X 
(X, X) 


Therefore, in analogy with §1.10 a Kaehler manifold for which the 
Ricci directions are indeterminate is called a Kaehler-Einstein manifold 
and the Ricci curvature is given by 


Rije = Bie 


or, in terms of the fundamental form 2 and. the 2-form 5 determining 
the 1** Chern class, % is proportional to 2, that is 


Since % is closed, dk A 2 = 0. Thus, if 2 > 1, « is a constant. 


6.5. Holomorphic tensor fields 


We have seen that there exist no (non-trivial) holomorphic p-forms 
on a compact Kaehler manifold with positive Ricci curvature. In this 
section this result is generalized to tensor fields of type (? 9) as follows: 
Denote by Amax and Amin the algebraically largest and smallest eigen- 
values of the Ricci operator Q (cf. §3.2), respectively. Then, for a 
holomorphic tensor field ¢ of type (? 8), if 


gAmin — PAmax = 0 


everywhere and is strictly positive at least at one point, ¢ must vanish, 
that is no such tensor fields exist. 

The idea of the proof is based on a part of the ‘Bochner lemma’ 
(cf. VI.F) which for our purposes is easily established. (The non- 
orientable case is more difficult to prove. The applications of this lemma 
made by Bochner and others have led to many important results on the 
homology properties of Riemannian manifolds). We shall state it as 


Proposition 6.5.1. Let f be a function of class 2 on a compact and orientable 
Riemannian manifold M. Then, if 4f =O (<0) on M, Af vanishes 
identically. 
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Corollary. Jf4f = 0(S 0) on M, then f is a constant. 
The proof is an easy application of lemma 3.2.1. For, 


| 4fx1=| Sdf* 1 =O. 
M M 


In order to establish the above result, we put f equal to the ‘square 
length’ of the tensor field ¢. But first, a tensor field of type (2 9) is said to be 
holomorphic if its components (with respect to a given system of local 
complex coordinates) are holomorphic functions. This notion is evidently an 
invariant of the complex structure. Since the It, and I, are the only 
non-vanishing coefficients of connection, the tensor field 


od 7] a] 
ft = ftreeety iss de ren 3) see 3) Dai & dz ® tee ® dzia 
of type (? 9) is holomorphic, if and only if, the covariant derivatives of ¢ 


with respect to 2* for all z = 1, ---, m are zero. 
Consider the tensor field t + #. If ¢ is holomorphic, 
Dy tiveete; 4 = 0. 


““@ 


Applying the interchange formula (1.7.21) it follows that 


D 
Dye Dytiviog, 5 = Dy theta Matatey 5 Rita 


Hal 
(6.5.1) 
7 . 
oz > sa ee an Oe 
v=] 
Transvecting (6.5.1) with g*!" we obtain 
. . Z si : 
BP Dye Dutt tos = BD a eee ae eer a 
v=1 
, (6.5.2) 


p 

= divettinc Hing pied pi 
yf oe i ast Pi ae igh Hm 
u=l 


Now, put 


—_ Ht Fg SAT ood, Te saN . 
f= Bir Bi reg tg’ att 74 4..44! ead eee 
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then, since ¢ + f is self adjoint, f is a real-valued function, and since the 
operator 4 is real, 4f is real-valued. Moreover, 


— $4f = 3e4®DgDa f = g'DyD; f 


= Barge Biren ieee Dytieetoy 5 Div ogg, + G(t) (6.5.3) 


where 


G(t) = Berg Big y Bn BietegeU De Dati tog, 5 LV Tg g 
Expanding G(t) by (6.5.2) gives 


G(t) = (> PO ee aye wR ie — See teat tes g Ru |: (6.5.4) 


y=] 
*t.  , dyrrdg 


ety 
Since the first term on the right in 6.5.3 is non-negative we may conclude 
that Af < 0, provided we assume that the function G is non-negative. 
Hence, as a consequence of proposition 6.5.1 


Theorem 6.5.1. Let ¢ be a holomorphic tensor field of type (? 9). Then, a 
necessary and sufficient condition that the (self adjoint) tensorfield t + i 
on a compact Kaehler manifold be parallel is given by the inequality 


G(t) = 0. 


On the other hand, if G(t) is positive somewhere, t must vanish, that ts 
there exists no holomorphic tensor field of the prescribed type [I1]. 

An analysis of the expression (6.5.4) for the function G yields without 
difficulty 


Corollary 1. Let t be a holomorphic tensor field of type (? $) on the 
compact Kaehler manifold M. Then, if 


GAmin = PAmax, 
t is a parallel tensor field. If strict inequality holds at least at one point of M, 
t must vanish. 


If M is an Einstein space, 


Amin = Amax: 
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Denoting the common value by A we obtain 


Corollary 2. There exist no holomorphic tensor fields t of type (2 9) ona 
compact Kaehler-Einstein manifold in each of the cases : 


(i) g> p and X>0, 
(ii) g<p and A <0. 


In etther case, for \ = 0, t is a parallel tensor field. 


6.6. Complex parallelisable manifolds 


Let S be a compact Riemann surface (cf. example 1, § 5.8). The genus g 
of S is defined as half the first betti number of S, that is 6,(S) = 2g. 
By theorem 5.6.2, g is the number of independent abelian differentials 
of the first kind on S. 

We have seen (cf. § 5.6) that there are no holomorphic differentials on 
the Riemann sphere. On the other hand, there is essentially only one 
holomorphic differential on the (complex) torus. On the multi-torus T,, 
there exist m abelian differentials of the first kind, there being, of course, 
no analogue for the n-sphere, n > 2. The Riemann sphere has positive 
curvature and this accounts (from a local point of view) for the distinction 
made in terms of holomorphic differentials between it and the torus 
whose curvature is zero. 

Since the torus is locally flat (its metric being induced by the flat 
metric of C,,) the above facts make it clear that it is complex parallelisable. 
Indeed, there is no distinction between vectors and covectors in a 
manifold whose metric is locally flat. On the other hand, a complex 
parallelisable manifold can be given an hermitian metric in terms of 
which it may be locally isometrically imbedded in a flat space provided 
the holomorphic vector fields generate an abelian Lie algebra and, in 
this case, the manifold is Kaehlerian. 


Theorem 6.6.1. Let M be a.complex parallelisable manifold of complex 
dimension n. Then, by definition, there exists n (globally defined) linearly 
independent holomorphic vector fields X,,---, X, on M. If the Lie algebra 
they generate is abelian, M 1s Kaehlerian and the metric canonically defined 
by the X;,1 = 1, ++, 2, ts locally flat [10]. 

Let 67, ry = 1, ++, m denote the 1-forms dual to X,,°«-, X,. Thus, 
they form a basis of the space of covectors of bidegree (1,0). In 
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terms of these pfaffian forms, the fundamental form 22 has the expression 


aS ee 


r=1 


If we put (cf. V. B.1) 
[X;,Xu] = cn X, 


then, by (3.5.3) and (3.5.4) 


sgt l t 7 
d'é = — Cie 8 NN 6, 
Hence, since the Lie algebra of holomorphic vector fields is abelian, 
the @ are d’-closed for all z = 1, -:-, 7. (Referring to the proof of theorem 
6.7.3, we see that they are also d’’-closed.) This being the case for the 
conjugate forms as well 


dQ =/—1 > ae" A 6 — 6 pn ad) =0, 
r=1 


that is, M with the metric 2 267 @@ is a Kaehler manifold. Moreover, 
the fact that the 6’ are closed allows us to conclude that M is locally 
flat. To see this, consider the second of the equations of structure 
(5:3.33): 

@', = de’, — 6 / 6,. 


Taking the exterior product of these equations by 6 (actually 7*6), 
cf. §5.3) and summing with respect to the index j, we obtain 


6A 6',=0, t=1,-,7. 


Indeed, from the first of the equations of structure (5.3.32), 0) A 0%; 
vanishes since the @ are closed. Moreover, 


0 de®, = —d(® A 6%) =0. 


If we pull the forms 6'; down to M and apply the equations (5.3.34), 
we obtain 


Rij dz® A dz A dzi =0, 


and so, since the curvature tensor is symmetric inj and &, it must vanish. 
In §6.9, it is shown that if M is compact, it is a complex torus. 
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6.7, Zero curvature 


In this section we examine the effect of zero curvature on the properties 
of hermitian manifolds—the curvature being defined as in § 5.3. 


Theorem 6.7.1. The curvature of an hermitian manifold.vanishes, if and 
only if, it ts posstble to choose a parallel field of orthonormal holomorphic 
frames in a neighborhood of each point of the manifold. 

By a field of frames on the manifold M or an open subset S of M 
is meant a cross section in the (principal) bundle of frames over M or S, 
respectively. The field is said to be parallel if each of the vector fields 
is parallel. 

We first prove the sufficiency. If the curvature is zero, the system of 
equations w’; = 0 is completely integrable. Therefore, in a suitably 
chosen coordinate neighborhood U of each point P it is possible to 
introduce a field of orthonormal frames P, {e,, +", én, &) °', @,} which 
are parallel and are uniquely determined by the initially chosen frame 
at P. For, by § 1.9 the vector fields e, satisfy the differential system 


de, = ow; ej. 


(The metric being locally flat, the e, may be thought of as covectors.) 
Of course, we also have the conjugate relations. Since the e, are of 
bidegree (1,0), the condition de; = 0 implies d’’e, = 0, that is the e; 
are holomorphic vector fields. Hence, the condition that the curvature 
is zero implies the existence of a field of parallel orthonormal holo- 
morphic frames in U. 

Conversely, with respect to any parallel field of orthonormal frames 
the equations 


wk, A wy = dw’, = Rigs dz* A dz! 


imply R%,,;. = 0. The curvature tensor must therefore vanish for all 
frames. 

Let us call the neighborhoods U of the theorem admissible neighbor- 
hoods. Parallel displacement of a frame at P along any path in such a 
neighborhood U of P is independent of the path since the system 
w', = 0 has a unique solution through U coinciding with the given 
frame at Pe U, (In the remainder of this section we shall write U(P) 
in place of U). 

Now, given any two points Py and P, of the manifold and a path C 
joining them, there is a neighborhood U(C) = U U(Q) of C such 

QeC 
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that the displacement of a frame from P, to P, is the same along any 
path from P, to P, in U(C). We call U(C) an admissible neighborhood. 
Let Cy and C, be any two homotopic paths joining Py to P, and denote 
by {Cj} (0 St S 1) the class of curves defining the homotopy. Let S 
be the subset of the unit interval J corresponding to those paths C, 
for which parallel displacement of a frame from P, to P, is identical 
with that along Cy. Hence, 0 ¢ S. That S is an open subset of / is clear, 
We show that S is closed. If S #J, it has a least upper bound s’. 
Consequently, since U(C,,) is of finite width we have a contradiction. 
For, S is both open and closed, and so S = J. We have proved 


Theorem 6.7.2. In an hermitian manifold of zero curvature, parallel 
displacement along a path depends only on the homotopy class of the 
path [16}. 


Corollary. A simply connected hermitian manifold of zero curvature is 


(complex) parallelisable by means of parallel orthonormal frames. 


It is shown next that a complex parallelisable manifold has a canonically 
defined hermitian metric g with respect to which the curvature vanishes. 
Indeed, in the notation of theorem 6.6.1 let 


; @ 
X, = bn Ba 
with respect to the system (2) of local complex coordinates. In terms 
of the inverse matrix (€") of (€,},) the 2 1-forms 
gr =e? det 


define a basis of the space of covectors of bidegree (1,0). We define the 
metric g by means of the matrix of coefficients 


n eae’ 
Bw = 67 EP. 


ral 


Since £4, 9 = 8 and 


r,) i 
im 0, r=looya, 
; ae” 
Er) Bek = 0. 
Hence, since <X,, 65> = 8%, 
ag) 
7 


eae — 9 
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In terms of the metric g, the connection defined in §5.3 is given by the 
coefficients 


2 al* r,) Thal 
jk =" oe 


n . ag? 
=2 bin azk ‘ 


J 


(6.7.1) 


Differentiating with respect to # we conclude that Rt, = 0. 
Theorem 6.7.3. A complex parallelisable manifold has a natural hermitian 
metric of zero curvature. 
Since 
bE 


D; in = Bai + 65 Tis 


(D; denoting covariant differentiation with respect to the given con- 
nection), it follows that 


gD D; Ein = 0. 
Multiplying these equations by é/,, and taking account of the relations 
7) 4 = 8; 
we conclude that 
D; ae = 0, r= 1, on, 


Thus, we have 


Corollary. A complex parallelisable manifold has a natural hermitian 
metric with respect to which the given field of frames is parallel. 


The results of this section are interpreted in VI.G. 


6.8. Compact complex parallelisable manifolds 


Let M be a compact complex parallelisable manifold. Since the 
curvature of M (defined by the connection (6.7.1)) vanishes, the con- 
nection is holomorphic; hence, so is the torsion, that is, in the notation 
of § 5.3 

da’ =0, i=l,n 
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where the 2! are the forms @ pulled down to M by means of the cross 
section M ~> {(@/é2’)p, (@/22’)p}. Denoting the components of the 


torsion tensor by 7;,? as in §5.3, put 


a t*. 
rege? 


f -_ rt Pik, re. = gk" g 7 


it* 
then, f is a real-valued function. 


Lemma 6.8.1. The T;,,¢ are the constants of structure of a local Lie group. 
For, 
= y8af = g' Dy D, f 


= ue @ lage Dy D, 1 + D, Tix ek), 


Hence, since the curvature is zero, an application of the interchange 
formula (1.7.21) gives 


— $8df = g'"" 0,0, 0,7. 
Therefore, by proposition 6.5.1, 
Af = 8df = 0, 


from which we conclude that the D,T;,’ vanish. Consequently, from 
(5.3.22) they satisfy the Jacobi identities 


TaTiy +T AT + T,j Til = 0. (6.8.1) 


Since M is complex parallelisable, it follows from the proof of 
theorem 6.7.3 that there exists linearly independent holomorphic 
pfaffian forms 6, ---, 6" defined everywhere on M. Therefore, their 
exterior products & A 6? (i <j) are also holomorphic and linearly 
independent everywhere (cf. lemma (6.10.1)). Moreover, since there are 
n(n — 1)/2 such products they form a basis of the space of pure forms 
of bidegree (2,0). 

It is now shown that d@ is a holomorphic 2-form, i = 1, ---, . Indeed, 
& is of bidegree (1,0), and so since d6* == d’6! (by virtue of the fact that 
the @ are holomorphic), d@' is a pure form of bidegree (2,0). On the 
other hand, d’’d@* = d'’d'#' = O since a’d"’ + d’'d’ = 0. 

We conclude that the d#* may be expressed linearly (with complex 
coefficients) in terms of the products #7 A 6*, and since M is compact 
these coefficients (as holomorphic functions) are necessarily constants. 
That the coefficients are proportional to the T;," is easily seen from 
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equations (5.3.3) - (5.3.5) by restricting to parallel orthonormal frames 
(cf. proof of theorem 6.7.1). Consequently, 


i= 217 Ae Tee TSG (6.8.2) 


Equations (6.8.1) and (6.8.2) imply that the 6¢ (¢=1,-"-,m) define a 
local Lie group. This group cannot, in general, be extended to the 
whole of M. For this reason we consider the universal covering space 
M of M. For, M is simply connected and has a naturally induced 
hermitian metric of zero curvature (cf. theorem 6.7.2, cor., and prop. 
5.8.3). We prove 


Theorem 6.8.1. The universal covering space M of a compact complex 
parallelisable manifold M ts a complex Lie group [69]. 

In the first place, since the projection 7: M—> M is a holomorphic 
map, M has a naturally induced complex structure (cf. prop. 5.8.3). 
On the other hand, 7 is a local homeomorphism; hence, it is (1-1). 
Consequently, the ” forms 

6 = 1*(64) 


are linearly independent and holomorphic, the latter property being 
due to the fact that 7 is holomorphic (cf. lemma 5.8.2). Moreover, 


dbi = d(a*6') = 1*(d6') 


I 


m(— § Ti! & A 6) 
= —$ Ty! 0*8 A a¥ 0" 
= —$7,'0' A 6% 


Hence, the 6! define a local Lie group. The 6 being independent we 
define the (hermitian) metric 


£=2>,8 O86 
i=l 
on M, That this metric is not, in general Kaehlerian follows from the 
fact that the 6* are not necessarily @’-closed. 


With respect to this metric, 14 may be shown to be complete (cf. § 7.7). 
To see this, since M iscompact it is complete with respect to the metric 


g =>) 6 @ 6. 
t=1 


The completeness of 17 now follows from that of M. 
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For, 
f=r*g. 
Hence, (MM, #) is a ‘hermitian covering space’ of (M, g), that is, the 
holomorphic projection map 7 induces the metric of M. 
The universal covering space M of a compact complex parallelisable 
manifold therefore has the properties: 


(i) there are 7 independent abelian differentials of the first kind on M; 
(ii) they satisfy the equations of Maurer-Cartan; 

(iii) M is simply connected, and 

(iv) M is complete (with respect to £). 


Under the circumstances, M can be given a group structure in such 
a way that multiplication in the group is holomorphic. Moreover, the 
abelian differentials are left invariant pfaffian forms. We conclude 
therefore that Mf is a complex Lie group. 

That compactness is essential to the argument may be seen from the 
following example: 


Let M = C, — 0. Define the holomorphic pfaffian forms #! and @? 
on M as follows: 


O! = gl grdzgl, g@ = zg! 2? dz? 


Denote by X, and X, their duals in 7*. The components of the torsion 
tensor with respect to this basis are given by (6.8.2), namely, 


T. 1 1 2 l 


i) a a oo 


Although X, and X, form parallel frames, these components are not 
constant. 


6.9. A topological characterization of compact complex parallelisable 
manifolds 


In this section, a compact complex parallelisable manifold M is 
characterized as the quotient space of a complex Lie group. In fact, it is 
shown that M is holomorphically isomorphic with 14/D where D is the 
fundamental group of 47%. As a consequence of this, it follows that M 
is Kaehlerian, if and only if, it is a multi-torus. 

Let D be the fundamental group of the universal covering space 

(M, 7) of the compact complex parallelisable manifold M, that is, the 
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group of those homeomorphisms o of M with itself such that 7+ o = 7 
for every element o € D. Then, 


* * 


o*.n7* =7 


where o* is the induced dual map on A**(M/). Hence, 
Bi = 2*(6!) = o*n*(6!) = o*(64), 


that is the 6' are invariant under D. It follows that o is a left translation 
of M, and so D may be considered as a discrete subgroup of the complex 
Lie group M. With this identification of D, M is holomorphically 
isomorphic with M/D. Thus, 


Theorem 6.9.1. A compact complex parallelisable manifold is holo- 
morphically isomorphic with a complex quotient space of a complex Lie 
group modulo a discrete subgroup [69]. 


Corollary. A compact complex parallelisable manifold is Kaehlerian, if 
and only if, it is a complex multi-torus. 

A complex torus is compact, Kaehlerian, and complex parallelisable 
(cf. example 3, § 5.9). Conversely, if M = G/D is Kaehlerian, the left 
invariant pfaffian forms on the complex Lie group G must be closed. 
It follows that G is abelian. Therefore, M is a complex torus. 

Theorem 6.9.1 may be strengthened by virtue of theorem 6.7.1. For, 
zero curvature alone implies that the 7;,’ satisfy the equations of 
Maurer-Cartan. It follows that the & are the left invariant pfaffian forms 
of a local Lie group. 


Theorem 6.9.2. A compact hermitian manifold of zero curvature is 
holomorphically tsomorphic with a complex quotient space of a complex Lie 
group modulo a discrete subgroup. 


Corollary. A compact hermitian manifold M of zero curvature cannot be 
simply connected. 

For, otherwise the left invariant pfaffian forms on M are closed. 
Thus, M is an abelian Lie group, and hence is a complex torus. This, 
of course is impossible. 


6.10, d’’-cohomology 
We have seen that d”’ is a differential operator on the graded module 


A*(M) (cf. § 5.4) where M is a complex manifold. In this way, since 
d’’2 = Q, it is possible to define a cohomology theory analogous to the 
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de Rham cohomology (d-cohomology) of a differentiable manifold. 
The reason for considering cohomology with the differential operator d’’ 
is clear. Indeed, it yields information regarding holomorphic forms. 
We remark that in this section to every statement regarding the 
operator d’’ there is a corresponding statement for the operator a’, 
Thus, there is a corresponding cohomology theory defined by d’. 


Lemma 6.10.1. For every form « of bidegree (q,7r) and any B 
d"(a A B) =a" AB +(—1)*ra AaB. 


To see this, it is only necessary to apply the operator d to « A B 
and compare the bidegrees in the resulting expansion. 

Let A%* denote the linear space of forms of bidegree (g, r) on M. 
Consider the sequence of maps 


d ar 


oh 
rl @ ar +t 
ree AVE EES A OT Aer 


where for the moment we write d',, = d@’’ | A%.. Now, put 


H,@"(M) = Hemel aon , 
image dar 
then, 


Proposition 6.10.1. 
H?'°(M) = kernel d”, 9. 


For, if «¢image d’’,,,., it must come from a form of bidegree 
(g,r — 1). Let « be a form of bidegree (p,0). Then, its image by 
a’’ .,-1 must be 0. 


Corollary. AP:M) is the linear space of holomorphic p-forms. 


Now, by lemma 6.10.1 if w and 8 are holomorphic forms, so is w A 8. 
Define 


H{M) => HP°(M); 


then, by the remark just made, H,(M) has a ring structure. 

It is now shown that the d’’-cohomology ring of a compact complex 
parallelisable manifold M depends only upon the local structure of its 
universal covering space. 
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Indeed, every holomorphic p-form « on M has a unique representation 


a= ai Or An AO 
where the coefficients are holomorphic functions. Since M is compact, 
the coefficients must be constants. Hence, m*(«) is a left invariant 
holomorphic p-form on (M, 7)—the universal covering space of M. 
On the other hand, a left invariant p-form on M has constant coefficients. 
Thus, 7* defines a ring isomorphism from the exterior algebra of holo- 
morphic forms on M onto the exterior algebra of left invariant differential 
forms on M. Moreover, since 


a*d” = d''n*, 


m* induces an isomorphism between their cohomology rings. Now, 
since the cohomology ring of a compact (connected) Lie group is 
isomorphic with the cohomology ring of its Lie algebra L [48], we 
conclude that the d’’-cohomology ring of M is isomorphic with the 
cohomology ring of L. We have proved 


Theorem 6.10.1. The d’’-cohomology ring of a compact complex parallelis- 
able mantfold 1s isomorphic with the cohomology ring of the (complex) Lie 
algebra of its universal covering space [69}. 


6.11. Complex imbedding 


In this section, the problem of imbedding a Kaehler manifold M 
holomorphically into a locally flat space is considered. More precisely, 
we are interested i: establishing necessary conditions for such im- 
beddings to be possible. Moreover, only locally isometric imbeddings are 
considered. If the Ricci curvature of M is positive, M cannot be so 
imbedded. On the other hand, negative Ricci curvature is not sufficient 
as we shall see by considering the classical hyperbolic space defined 
by means of the metric 


_ _ dzdz 
~ (1 — 28)? 


ds? (6.11.1) 


in the unit circle | z| <1. The possiblity of such imbeddings thus 
appears to be rather remote. 
Let U be a coordinate neighborhood on the complex manifold M 
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with local complex coordinates (z1,---, 2") and assume the existence 
on U of N 2 n holomorphic 1-forms 


af = all) det, r=1,--,N (6.11.2) 
independent at each point, satisfying the further conditions 
do? = 0, r=1,,N. (6.11.3) 


Since d = d’ + d’’ we have assumed the existence on U of N closed 
forms «’. Thus, the real 2-form 


N —— 
Q=V-1Tya Aw (6.11.4) 


rol 


on U is closed and, since it is of maximal rank, the differential forms a” 
define a (locally) Kaehlerian metric on U. This metric is not globally 
defined, that is, we do not assume the existence of N (globally defined) 
holomorphic !-forms on M but rather on the coordinate neighborhood U, 
The conditions (6.11.3) are the integrability conditions of the system 
of differential equations 
Sie taE eee» 
al? = oe PSs 7 S1,4.N (6.11.5) 
where the f” are holomorphic functions. 
Consider the map f: U — Cy defined in terms of local coordinates by 


wr = f(z},-~, 2") r=, N. (6.11.6) 


Since §2 is of maximal rank, this map is (1-1). Hence, the metric g of U: 
N —— 
bie = Dara, palwyn (6.11.7) 
r=1 
is induced by the flat Kaehler metric 


N — 
do? =>) dw? dwt (6.11.8) 
T=) 


of Cy. For, 


‘a4 


N N Are. 
r Pace of" of" t dai 
>, dw dw “2 Bat dz dz 


r=l 


N aera 
a > qi) a) dzxt dz 


rm) 


= Ey dzt az, 
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Computing the Ricci curvature with respect to the metric (6.11.7), 
we obtain 


N 
Ry = — gt > D, a‘? D, a‘). (6.11.9) 


r=] 


For, from (5.3.19) the Ricci curvature is given by 


0 ( O Bis r* OBir» OB jr g 
se a a i az! ; Ozk ox ) 


Substituting for g,;. from (6.11.7) and applying (5.3.11), the desired 
formula for R,,;, follows. 

Clearly, then, the Ricci curvature defines a negative semi-definite 
quadratic form since 


N 
Ry» & &" = — gh” 3 (EDpa VL Dea) 0. 


r=1 


We have proved 


Theorem 6.11.1. Let M be a Kaehler manifold locally holomorphically 
isometrically imbedded in Cy with the flat metric (6.11.8). Then, its Ricet 
curvature is non-positive [5]. 

If M is compact we may draw the following conclusion from cor. 1, 
theorem 6.5.1. 


Theorem 6.11.2. If the Ricci curvature is strictly negative there are no 
holomorphic contravariant tensor fields of bidegree (p,0); otherwise, a 
tensor field of this type must bea parallel tensor field. In particular, for 
negative Ricci curvature there are no holomorphic vector fields on M. 

Since a complex torus 7, is locally flat (with respect to the metric 
of (6.7.1)), we may draw the obvious conclusion: 


Corollary. Jf a compact Kaehler manifold can be locally holomorphically 
(1-1) tmbedded in some T,,, and tf its metric g can be obtained directly from 
the imbedding, a holomorphic contravariant tensor field of bidegree (p, 0) (if 
it exists) must be parallel with respect to the connection (6.7.1) of the metric g. 

If the Ricci curvature is negative, local imbeddings of the type 
considered in theorem 6.11.1 are not always possible. The hyperbolic 
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space defined by the metric (6.11.1) in the unit circle shows that this is 
the case. This is a consequence of the following 


Proposition 6.11.2. Let U be a coordinate neighborhood of complex 
dimension I endowed with the metric 


ds? = (2,2) dz dz 


where the function g has the special form 


Ms 


2(3,2) = dD) ap 2? 2°, (6.11.10) 


1 


ti 


p 


If U can be holomorphically, isometrically mapped into Cy(N 21) with 
the flat metric (6.11.8), then, the power series (6.11.10) is a polynomial. 

For, since U is holomorphically, isometrically imbedded in Cy, the 
imbedding is given by the functions 


w" = f(z) =D OF 2P 5. re tN. 
p=l 


with the property 


Nol oggr 
Dae (=) Sa xP #P, (6.11.11) 
p=l 
Hence, 
N. — 
po > B58, = 850 tp (6.11.12) 


t=1 


Now, for each p the sequence of numbers 


Bp = {0%}, r=1,~,N 


is a vector in Cy. But, by (6.11.12) any two are orthogonal; hence, at 
most NV of them can be different from zero. We conclude that at most 
N? of the 6”, are different from zero, that is the mapping functions f(z) 
are polynomials. Comparing (6.11.10) with (6.11.11), g(z, #) must be 
a (finite) polynomial. , 
Consider the metric 
g(z,2) = = (6.11.13) 


in the unit circle | z | < 1. Hence, from the proposition just proved, 
the interior of the disc | z |< 1 cannot be isometrically imbedded in 
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some C, with the flat metric. It is not difficult to see that the Ricci 
curvature of g is given by 
2 


R(z,2) — “= see (6.11.14) 
From (6.11.13) and (6.11.14) we obtain immediately that the scalar 
curvature is — 2. Thus, g has constant negative curvature, that is g is 
a hyperbolic metric. 

Another example is afforded by the higher dimensional analogue, 
namely, the interior of the unit ball D?_, | 2¢ |? < 1 with the hyperbolic 
metric 
_ £ {dz |? — Z| 2 2 & | dz? |? + | Lat dat |? 


2 
. (arab: 


6.12. Euler characteristic 


In the previous section we considered manifolds M on which N =n 
holomorphic functions f(r = 1,--,.N) are ‘locally’ defined. Mare 
precisely, in a coordinate neighborhood U of M we assumed the 
existence of N independent holomorphic |-forms a” satisfying d’a” = 0. 
Now, in this section, we assume that on the complex manifold M there 
exists N = n ‘globally’ defined holomorphic differentials 


ot =a) dz’, r=1,-,N, rank (a'!)=n everywhere, 


which are simultaneously d’-closed. The fundamental form 
N. — 
Q=V-1 dak Aa 
r=] 


of M is then closed and of maximal rank. The distinction made here is 
that we now have a globally defined Kaehler metric 


N 
ds? = 2}) a” ar 
r=l1 
In terms of the curvature of this metric, and by means of the generalized 
Gauss-Bonnet theorem, if M-is compact 
(— 1)" x(¥) 2 0 


where y(//) denotes the Euler characteristic of M. Moreover, y(M) 
vanishes, if and only if the z'* Chern class vanishes. Incidentally, the 
vanishing of y(M) is a necessary and sufficient condition fcr the existence 
of a continuous vector field with no zeros (on M). 
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A representative c, of the (m — r + 1)* Chern class of an hermitian 
manifold is given in terms of the curvature forms 0%; by means of the 
formula [2/] 


C— 


t Jy In—rt1 ott tort 
SS ht Cee ee AO 2 
QrV— learn inert (6.12.1) 


The theorem invoked above may be stated as follows: 
The Euler characteristic of a compact hermitian manifold M 1s given 
by the Gauss-Bonnet formula 


x(M) = i yo (6.12.2) 


As in §6.11, in each coordinate neighborhood U there exists N 
holomorphic functions f* such that 


a” = of” 
t Czt ’ 


i=l-,n; r=leN (6.12.3) 


by means of which M is mapped locally, (1-1) into Cy. Moreover, the 
metric g of M defined by the matrix of coefficients 


N 


gin =D a? a (6.12.4) 


r=1 


is induced by the flat Kaehler metric 
N — 
= » dw" du" 
r=) 
of Cy where 
z 
w'(z) = i a’ dz 
is the r*® abelian integral of the first kind on M. 
To compute the curvature tensor of the metric g we proceed as 


follows: In the first place, from (5.3.19) the only non-vanishing com- 
ponents are given by 


O Baye ao, Bere Opje 

Rijeyy*e = 2 OTS 7 OO OI 8, 

sek yee ee ee (6.12.5) 
From (6.12.4), since the functions a, r=1,°°,N; i= 1,-0,m are 


holomorphic, 


OG 5x aa) —— 
Ozk =>“ Bak ay 
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and 


O? B58 ay aa") aa‘? 
as og! == “da* Gat 


Substituting in (6.12.5) and making use of the fact that 


rts OL ss os hr 


5 
& ez? ce Pj, 
we obtain 
N (r) a (r) N HM — 
Pokey ees De ay (6.12.6 
ee ask dz! ne) 
rel =] 
Now, since 
(r 
D, a” da; (r) am 
k or azk m tk 
and 
(r) 
Dw da’; = al Pe 
pag an Th, 
(r) (r) D (r) ——, ao 
a D, a Dy ,tr) Ga t da; jee al” T? + Ga’; a” r™ at a” r™ 
a; = = ay gl m + ik mo tk 
Oz* = azt azk az! 
(r) p(n) (7) 
Ga; ea’ _ ba; al TP _ a‘ 7 D,a D, a?) (6 12 7) 
az* ae oak sy ee con 
But 
N No —— 
(r) a?) (r) ee a (r) 
Dy Em = > Dis (8 in jJ/= 2 Dy a an D, a@;); 
r=1 =1 


from which we conclude that 


x ( 
ae 5: At) (r) 
Oia => deo 20 


rel r=1 


Summing (6.12.7) with respect to 7 and comparing the result with 
(6.12.6) we obtain 


N. re 
— (r) 
Rytut = — >, Da? Da" 


r=] 
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Thus, 
N a 
Qin = Rejorreds® A dz = —Y Da? Da de® A d3'. 


T=] 
where the 2%, are the forms @*; pulled down to M. (The 22,;. are defined 
by the above relations.) 
From 6.12.1 we deduce that 
1 i i 
qQ = Qn V—ly'al 1 on as 6; A oe A 0; 


= oe det (2,,+) 


I 


—_—--——— det Da Dia de® A dz"). 
(20 — 1)" (% kot ue ) 


where, for simplicity, we have writen 2,,;, for its image in B (cf. § 5.3). 


Now, put 
gp = Da) dz*, 


Then, 
I rah = 
eee ee Oe 


r=1 


1 - 
= ——_——- det (DAG 
Qn Voip ( ) 


where @ is the matrix (y”) and ‘@ denotes its transpose. 
The result follows after expressing ® in terms of real analytic coordi- 


nates (x*, y*) with 2¢ = x? + V —1y%,since dz \ dz = —2V—] dxt A dy*. 


Theorem 6.12.1. The Euler characteristic of a compact complex manifold 
of complex dimension n on which there exists N 2 n closed holomorphic 
differentials a? dz‘ such that rank(a‘?)=n satisfies the inequality 


(— 1)" x(M4) 2 0. 
Moreover, x(M) vanishes, tf and only if, the n” Chern class vanishes [8]. 


6.13. The effect of sufficiently many holomorphic differentials 


It was shown in §6.11 that the existence of sufficiently many inde- 
pendent holomorphic differentials which are, at the same time, d’-closed 
precludes the existence of holomorphic contravariant tensor fields of 
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any order provided the Ricci curvature defined by the given differentials 
is negative. In fact, the condition that the differentials be @’-closed 
ensured the existence of a Kaehler metric relative to which the Ricci 
curvature was non-positive. By restricting the independence assumption 
on the holomorphic differentials we may drop the restriction on the 
curvature entirely, thereby obtaining interesting consequences from an 
algebraic point of view. 

We consider a compact complex manifold M of complex dimension n. 
No assumption regarding a metric will be made, that is, in particular, 
M need not be a Kaehler manifold. Let « be a holomorphic form of 
bidegree (1,0) and X a holomorphic (contravariant) vector field on M. 
Then, since M is compact 


1(X)a = const., 


for, 1(.X)« is a holomorphic function on M. If we assume that there are 
N >n holomorphic 1-forms a}, -:, c% defined on M, then 


(X)or =e", r=1,-,N (6.13.1) 


where the c’, y = 1, «+, N are constants. If, for any system of constants 
c’ (not all zero) the linear equations (6.13.1) are independent, that is, 
if the rank of the matrix 


(a, c’), oS a dz' 


is n+ ] at some point, the holomorphic vector field X must vanish. 

Now, let t be a holomorphic contravariant tensor field of order p on M. 
Then, under the conditions, the same conclusion prevails, that is, ¢ must 
vanish. Indeed, it is known for p = 1. Applying induction, assume the 
validity of the statement for holomorphic contravariant tensor fields of 
order p — | and consider the holomorphic tensor field 


Then, the functions 
ae Ehret, r= 1, N 
D 


are the components of N holomorphic contravariant tensor fields of 
order p — |. By the inductive assumption they must vanish. But, we 
have assumed that at least 7 of the differentials ~” are independent. Thus, 
the coefficients of the a‘}’ in the system of linear equations 


q'”) Ebiendy = 0 
ts 


must vanish. 
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Theorem 6.13.1. Let «7,7 = 1,°",N be N>n holomorphic differentials 
on the compact complex manifold M with the property: For any system 
of constants c’, r = 1, ++, N(not all zero) the rank of the matrix (a, c’), r = 
low, Nj t= 1,0, 2 has its maximum value n + 1 at some point. Then, 
there do not exist (non-trivial) holomorphic contravariant tensor fields of 
any order on M. In particular, there are no holomorphic vector fields 
on M [9]. 

This result is generalized in Chapter VII. In particular, it is shown 
that if b, o(M) = 2, M cannot admit a transitive Lie group of holo- 
morphic homeomorphisms. 


6.14. The vanishing theorems of Kodaira 


A complex line bundle B over a Kaehler manifold M (of complex 
dimension 2) is an analytic fibre bundle over M with fibre C—the complex 
numbers and structural group the multiplicative group of complex 
numbers acting on C. Let A%B) be the ‘sheaf’ (cf. §A.2 with [= 
A%B)) over M of germs of holorhorphic g-forms with coefficients in B 
(see below). Denote by H?(M, A%B)) the p cohomology group of M 
with coefficients in A%(B) (in the sense of § A.2). It is known that these 
groups are finite dimensional [47]. It is important in the applications of 
sheaf theory to complex manifolds to determine when the cohomology 
groups vanish. By employing the methods of §3.2, Kodaira [47] was 
able to obtain sufficient conditions for the vanishing of the groups 
H?(M, A%B)). It is the purpose of this section to state these conditions 
in a form which indicates the connection with the results of § 3.2. The 
details have been omitted for technical reasons—the reader being 
referred to the appropriate references, principally [97]. 

In terms of a sufficiently fine locally finite covering % = {U,} of M 
(cf. Appendix A), the bundle B is determined by the system {f,,} 
of holomorphic functions /,, (the transition functions) defined in U, © Ug 
for each a, 8. In U,N U, 0 U,, they satisfy fis fs, f,4 = 1. Setting 
445 == |fua |?, it is seen that the functions {a,,} define a principal fibre 
bundle over M (cf. I.J) with structural group the multiplicative group 
of positive real numbers. This bundle is topologically a product. Hence, 
we can find a system of positive real functions {@,} of class « defined in 
{U,} such that, for each pair a, B 


fig 
Jaa =o in U, 1 Ug. 
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Since the functions f,; are holomorphic in U, ™ U,, it follows that 


é log a, 0? log ag 


gat ont aatag! 18 Ue Up 
Thus, the 2-form bg 
Yin a2! A di = 6 ta dzi \ d@ 


is defined over the whole manifold M (cf. V.D). 
A form ¢ (form of bidegree (p, g)) with coefficients in B is a system 
{¢,} of differential forms (forms of bidegree (p, g)) defined in {U,} such 


that 
oy = fag dp in U, oO Us. 


Following § 5.4 we define complex analogs d’, d’, 8’ and 8” of the 
operators d and 6 for a form ¢ = {¢,} with coefficients in B: 


d's = {(d'4),}, dd = {(2$),} 
Bp = {BP}, 87d = (8 S)a} 


and 


where 
* ‘ , mr 1 
(4'b). =4'ba, (8'$)q = — *Aqd" (— *4,) 
(«: not summed)—the star operator * being defined as usual by the 
Kaehler metric of M. In terms of these operators it can be shown that 


A = 2(d'8' + 8'd') 
is the correct operator for the analogous Hodge theory — ¢ being called 
harmonic if it is a solution of 4é = 0. 

If M is compact it is known that H?(M, A%(B)) ~ H%?(B)—the vector 
space of all harmonic forms of bidegree (g, p) with coefficients in B [47]. It 
follows that dim H?(M, A4%B)) is finite for all p and q. 

Since fe fey Fya = lin U, O Us ie U, 


log fia + log fg, + log f,, = 27 V — I cyg, 


is a constant in U, 0 U, 0 U, where c,,, € Z. The system {c,,,} CZ 
defines a 2-cocycle on the nerve M( %) of the covering Y (cf. Appendix A 
and {72]). It therefore determines a cohomology class cy ¢ H?#(N(%), Z); 
indeed, by taking the direct limit 


H*(M,Z) = lim HYN(4),2) 


we obtain an element c = c(B) « H?(M, Z) called the characteristic class 
of the principal bundle associated with B. 
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Lemma 6.14.1 [47]. The real closed 2-form 


- V—1 @ log a, 
Y= In Oat aR 


dz! A ad? 


on M 1s a representative of the characteristic class c(B). Conversely, if y 
is a real closed form of bidegree (1,1) on M belonging to the characteristic 
class c(B), there exists a system of positive functions a, of class © such 
that for each pair a, B 


a, = | fag |? ap in U, OU, 
and 
—_ |F B2 
= 1 @ log a, dzt 


oe ae ee 


The 2-form y is said to be posttive (y > 0) if the corresponding 
hermitian quadratic form is positive definite at each point of M. Let 


l a Zt a) x) 
d pee Dlgl Pate -tght At dztii Aw. (\ dates A d®1 A wa A ae ( 


be a differential form of bidegree (p, g) with coefficients in B and denote 
by F?:%y, v) the quadratic form (corresponding to F(«) in § 3.2—the 
operator 4 being given by 4 = 2(d’8’ + 8'd’)), 
Fray, v) = [B(yi ye + Rj) — Pgh Rose] 
Pe Se ae a A 


where y*";, = g*" y,... 
We now state the vanishing theorems: 


Theorem 6.14.1. If the characteristic class c(B) contains a real closed form 


Y= Ye dzt A dz? 


with the property that the quadratic form F?%(y, v) is positive definite 
at each point of M, then 


AM, A?(B)) = {0}, gq=l1,,n. 
Theorem 6.14.2. If the form y > 0, 
HM, A*(B)) = {0}, g= 1m 
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For, then 


- j* A120 are ed® 
Buy, v) = nlyt"j Vygeeense gerry Dieeeny tgeedy 


The proof of theorem 6.14.1 is an immediate consequence of the fact 
that HM, A*(B)) ~ HB). For, by lemma 6.14.1, we may choose 
the system of functions {a,} satisfying a, = | f,g |?@g in such a way that 
(WV —1/27) (é log a,/éz*az/) dzt A dz) = y (cf. VI. H. 2). Then, by 
the argument given below F?-4%(y,¢,) =0,qg =1,+,” holds for any 
form ¢ = {¢,}« H"%(B). The result now follows since F?%(y, ¢,) > 0 
unless ¢, vanishes. 

Let — B denote the complex line bundle defined by the system 
{fza}. Then, the map ¢ > ¢’ defined by 


maps H?:%B) isomorphically onto H”-?»"~%— B). Hence, 
HM, A>(B)) ~ HM, A*-»(— B)). 
Corollary 6.14.1. Under the hypothesis of theorem 6.14.1 
H™-«¢M, A*-*(— B)) = {0}, Qe len 
Corollary 6.14.2. If the form y > 0, 
H*-«~(M, A%— B)) = {0}, g=1 2 


By the canonical bundle.K over M is meant the complex line pundl 
defined by the system of Jacobian matrices kyg = O(2}, +, %})/O(Zy, "1,8 
where the (25) are complex coordinates in U,. It can be shown that the 
characteristic class c(— K) of — K is equal to the first Chern class of M. 

The characteristic class c(B) is said to be positive definite if it can be 
represented by a positive real closed form of bidegree (1,1). We are now 
in a position to state the following generalization of theorem 6.2.1. 


Theorem 6.14.3. There are no (non-trival) holomorphic p-forms (0 < p 
<n) onacompact Kaehler manifold with positive definite first Chern class. 
This is almost an immediate consequence of theorem 6.14.2 (cf. [47]). 
It is an open question whether there exists a compact Kaehler manifold 
with positive definite first Chern class whose Ricci curvature is not 
positive definite. 


Proof of Theorem 6.14.1. Since M is compact, the requirement that 
¢ « H®.%(B) is given by the equations d’4, = 8¢, = 0 for each a. 
In the local ed coordinates (z'), ¢, has the expression 


bx = igh Bots ttt + dz A A dz’? A dB A + A dB", 
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Hence, 


7 
2G 1)'Dyt Baby. tepid. ttorthan..t2 =0 
t= 
and if J is the identity operator on forms 
‘ é log a 
Bi" '(D, + pat 1) baky.kymtit..it = 9, Pat = — eras : 


Thus, for a harmonic form of bidegree (p, g) with coefficients in B 


BOD es pa? T) Din*Paby..kgif it 


Me 


x * 
(yee + RO G2) Dat pit tama 


t=1 (6.14.1) 

D g - 

-> DR es: Becky chp arkypres kyl t sf ym it el 

j=1 t=1 
Consider the 1-form 

é — Enrd3™ 
of bidegree (0,1) where 
1 ra 
En a a aie ae Day akey..ckyit si, (6.14.2) 


and 


ky. kptf...ig kyr} kot, (Sith ijt, 2 0 
$a eee Oe ee EP ae "Bary. rysfese8t 


It is easily checked that it is a globally defined form on M. We compute 
its divergence: 


— 8F = g™"DiEne = Gp) +A (6.14.3) 
where 
GB) = 5-8 Dy + Pgy L) Darbar tif nigh Ba (6.14.4) 
and 
= La Daban.tpfenig Deb ee, 


Formula (6.14.3) should be compared with (6.5.3). 
Note that equations (6.14.1)-(6.14.4) are vacuous unless q = 1. 
Now, by the Hodge-de Rham decomposition of a 1-form 


€ = df+ by + A[é] 
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where / is a real-valued function on M. Then, 
8é = Sdf, 
and so, from (6.14.3) 
— df = Gi) +A. 


Assume G(¢) = 0. Then, since A = 0, ddf | 0. Applying VI.F.3, we 
see that ddf vanishes identically. Thus G(¢?) = — A S 0. Consequently, 
G(¢) = 0 and A = 0. Finally, if F?%(y, v) is positive definite at each 
point of M, ¢ must vanish. For, by substituting (6.14.1) into (6.14.4), 
we derive 
qF?-“y,v) = G(v). 

Remark: If the bundle B is the product of Mand C, B= M xC, 

the usual formulas are obtained. 
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A. &-pinched Kaehler manifolds [2] 


1. Establish the following identities for the curvature tensor of a Kaehler 
manifold M with metric g (cf. I. I): 

(a) R(X,Y) = RUJX,JY), 

(b) A(X,Y) = K(JX,JY), 

(c) K(X, JY) = KYJ%,Y), 

and when X, Y, JX, JY are orthonormal 

(d) g(R(X,JX)Y,JY) = — K(X,Y) — KX,Y). 

To prove (a), apply the interchange formula (1.7.21) to the tensor J defining 
the complex structure of J (see proof of lemma 7.3.2); to prove (b), (c), and (d) 
employ the symmetry properties (I.I. (a) - (d)) of the curvature tensor. 


2. If the real dimension of M is 2n(n > 1), and M is 8-pinched, then 8 < 4. 
To see this, let {XxX ,JX,Y,]Y} be an orthonormal set of vectors in the tangent 
space 7p at P e M. Then, from (3.2.23) 


|(RX IXY JY) | S51 — 8) 
Applying (1.{d)) we obtain 
$< K(X,Y)< + (2 — 58) 


from which we conclude that 5 < 4, 
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3. The manifold M is said to be A-holomorphically pinched if, for any holo- 
morphic section 7, there exists a positive real number K, (depending on g) 
such that 
AK, S R(P, my) S Ky. 
The metric g may be normalized so that K, = 1, in which case, 
AS RP, 7y) S11. 


A 4-pinched Kaehler manifold is 6(885 + 1)/(1 — 8) -holomorphically 
pinched. 
To see this, apply the inequality 


| Rina | S 4{(PSP? + (QR)'?] (1) 
valid for any orthonormal set of vectors {X,,XjXnXy}, 1,j,k,1 = 1, ++, 22 where 
P=2K;;— 28, Q=Ky + Ky — 28, 
R = Ky, + Ky, = 26, S= 2K yx; — 26, 
This inequality is proved in a manner analogous to that of (3.2.21); indeed, set 
L(a,t;b,k3¢,534,1) = G(a,t;b,R3c,7 34,1) + G(a,t3b,l;¢,7; — d,k) 
and show that 
L = Pac? + Qa*d? + Rb%c? + Sb?d? + 6Rj4,) abcd. 


Put X;. = JX,(i = 1, +++, 2) (cf. (5.2.6)) and apply (1) with = 2* and / = R*. 
Hence, from 1.(b) - (d) 


Ky + Ker S 3[2( Kj, — 8)¥8( Kye — 8)¥8 + Ki + Kige — 28] 


from which 
(Kuz — 8) (Kine — 8))? 2 Ky + Kige + 8. 


Since K,, 2 8, Kiy,. 2 Sand K,,.4 S 1, we conclude that 


&(88 + 1) 
Ku = i ee 
aS 1— 8 


(Note that a manifold of constant holomorphic curvature is + - pinched.) 
4. Prove that if M is A-holomorphically pinched, then M is 3(7A—5)/8(4—A)- 
pinched. 
In the first place, for any orthonormal vectors X and Y, g(aX + bY, aX + bY) 
= a® + 6. Applying 1.(b) and (c) as well as (I.I. 1(d)), 
(a2 + b8)?K(aX + bY, J(aX + bY)) = atK(X, JX) + AK(Y, JY) 
+ 2a?b*[ K(X, Y) — 3e(R(Y, JX)Y, JX)] 
+ Aabig(R(Y, JY)X, JY) + 4aXbg(R(X, JX)X, JY): 
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Put g( Y,]X) = sin 6; then, 
e(R(Y,JX)Y, JX) = — K(Y,JX) cos?6. 


Hence, since 


AS K(aX + bY, JiaX + bY)) S 1, 
A(a? + 6%)? S at K(X, JX) + 2a%b? [K(X,Y) + 3K(Y, [X) cos?6] 
+ O° K(Y,JY) S (@ + 6°)? 
for any a, b € R, and so 
2A — 1S K(X,Y) + 3K(Y,JX) cos@S2— d., 
Similarly, from 
AS K(aX + OJY, (aX + bJY)) S 1, 
we deduce 
2A + 2 sin?@ — 1 S 3K(X,Y) + K(JX,Y) cos?@ S 1 + 2 sind. 

Consequently, 


3A + 3 sin?é — 1 
4 


3 sin?@é +2 — ad 


< K(X,Y) ; 


from which 


K(X,Y) = 4A —2) 
for any X and Y, In particular, K(JX,Y) = 4(3A — 2), and so from (3) 
433A — 2) < K(X,Y) S1— Pcos’é < 1. 
5. Show that for every orthonormal set of vectors {X,Y,]X,] Y} 
K(X,Y) + K(JX,Y) = 42a — 1). 


B. Reduction of a real 2-form of bidegree (1,1) 
1. At each point P e M, show that there exists a basis of Tp of the form 


{X,,X ys Xya1y Xiisss} U {Xi Xux} 
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(2) 


(3) 


(¢ = 1,3, -, 2p — 1; k = 2p + 1, -+, 2) such that only those components of a 
real 2-form a of bidegree (1,1) of the form ajj., @j45 (41) @,i41 = Fe, (i421) 


2,2 may be different from zero. 


To see this, observe that Tp may be expressed as the direct sum of the 
2-dimensional orthogonal eigenspaces of «. Since « is real and of bidegree (1,1), 
a( X,Y) = o( JX, JY) for any two vectors X and Y (cf, V. C.6). Let V be such a 
subspace. Put V = V + JV. In general, JV # V; however, JV = V. Tpisa 
direct sum of subspaces of the type given by /. Only two cases are possible for V: 
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(a) V is generated by X and JX. Then, o(X,Z) = o(JX,Z) = 0 for any 
Ze {X ap. } *—the orthogonal complement of the space generated by X and /X. 

(b) V is generated by X,JX,Y,]Y where X and Y have the property that 
of X,Z) = a(Y,Z) =0 for any Ze {X,Y}. Put Y=aJX + dW where W is 
a vector defined by the condition that {X, JX,W,] W} is an orthonormal set. 
The only non-vanishing components of « on V’ are given by a(X,]X), «(W, JW), 
o(X,W) = o( JX, JW). Therefore, when Z € V*, a(X,Z) = ao JX,Z) = a(W,Z) = 
a( JW,Z) = 0. 


C. The Ricci curvature of a A-holomorphically pinched Kaehler manifold 


1. The Ricci curvature of a 5-pinched manifold is clearly positive. Show that 
the Ricci curvature of a A-holomorphically pinched Kaehler manifold is positive 
for A= $. 
In the notation of (1.10.10) 
: an 
Rix bn) btn — > K,,. 
s=1 

Choose an orthonormal basis of the form {X, JX} U {X,, JX;} (i= 2, +2) 
and apply (A. 5). 


D. The second betti number of a compact 8-pinched Kaehler manifold [2] 


1. Prove that for a 4-dimensional compact Kaehler manifold ™ of strictly 
positive curvature, b,(M) = 1. 

In the first place, by theorem 6.2.1 a harmonic 2-form « is of bidegree (1,1). 
By cor. 5.7.3, a =72-+ 9, re R where Q is the fundamental 2-form of M 
and is an effective form (of bidegree (1,1)). Since a basis may be chosen so 
that the only non-vanishing components of ¢ are of the form 9,,., then, by 


(3.2.10), 
F(y) = > > (Ky; + Keo) (pie)? + 4 > Ryan ije Prir Pige 
1 7G #i* t<j 
Applying (A. 1(d)) we obtain 
F(e) =D) (Kis + Ken) (ie — ie) 
t<i 
Finally, since K,; + K,;. > O and 9 is effective, it must vanish. 


2. If M is A-holomorphically pinched with A > 4, then 4,(/7) = 1. 

Hint: Apply A.5. 
3. Show that (D.2) gives the best possible result. (It has recently been shown 
that a 4-dimensional compact Kaehler manifold of strictly positive curvature 
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is homeomorphic with P,—the methods employed being essentially algebraic 
geometric, that is, a knowledge of the classification of surfaces being necessary.) 

D.1 has been extended to all dimensions by R. L. Bishop and S. I. Goldberg 
{90}. 


E. Symmetric homogeneous spaces [26] 


1. Let G be a Lie group and H a closed subgroup of G. The elements a, b e G 
are said to be congruent modulo H if aH = 6H. This ts an equivalence relation 
—the equivalence classes being left cosets modulo H. The quotient space G/H 
by this equivalence relation is called a homogeneous space. 

Denote by 7: G-> G/H the natural map of G onto G/H (7 assigns to ae G 
its coset modulo H). Since G and H are Lie groups G/H is a (real) analytic 
manifold and 7 is an analytic map. H acts on G by right translations: (x,a) —> xa, 
x eG, ae H. On the other hand, G acts on G/H canonically, since the left 
translations by G of G commute with the action of H on G. The group G is a 
Lie transformation group on G/H which is transitive and analytic, that is, for 
any two points on G/H, there is an element of G sending one into the other. 

Let o be a non-trivial involutary automorphism of G:o? =I, o # J. Denote 
by G, the subgroup consisting of all elements of G which are invariant under o 
and let G° denote the component of the identity in G,. If His aclosed subgroup 
of G with G? as its component of the identity, G/H iscalleda symmetric homogeneous 
space. 

Let G/H be a symmetric homogeneous space of the compact and connected 
Lie group G. Then, with respect to an invariant Riemannian metric on G/H 
an invariant form (by G) is harmonic, and conversely. 

In the first place, since G is connected it can be shown by averaging over G 
that a differential form a on G/H invariant by G is closed. (Since G is transitive, 
an invariant differential form is uniquely determined by its value at any point 
of M). Let hk be a Riemannian metric on G/H and denote by a*f the transform 
of h by aeG. Put 


g= | (th)al. 


Then, g is a metric on G/H invariant by G. In terms of g, *a is also invariant 
and therefore closed. Thus, « is a harmonic form on G/H. 


2. Show that 
P, = U(n + 1)/ U(n) x U(1) 


is a symmetric homogeneous space. 
To see this, we define an involutory automorphism o of U(n + 1) by 


o( a) =(_2 —B 


ox a a Ae U(l), De U(n). 
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Then, 

) = U(1) x Un). 

3. Prove that the curvature tensor (defined by the invariant metric g) of a 
symmetric space has vanishing covariant derivative. 


Hint: Make essential use of the fact that an invariant form on a symmetric 
space is a closed form. 


F. Bochner’s lemma [4] 


1. Let M be a differentiable manifold and U a coordinate neighborhood of M@ 


with the local coordinates (u!, ---, v7). Consider the elliptic operator 
o . @ 
L = gk — + 
& cu Ou® Ae Out 


on F(U)—the algebra of differentiable functions of class 2 on U, where the 
coefficients g/*, hk? are merely assumed to be continuous functions on U, (The 
condition that L is elliptic is equivalent to the condition that the matrix (g*) 
is positive definite). If for an element fe F: (a) Lf = 0 and (b) f(w}, ---, vu”) S 
f(a’, +, a") for some point Py € U with coordinates (a!, -+-, a"), then f(u},+"-, u”) 
= f(a, +, a”) everywhere in U. 

This maximum principle is due to E. Hopf [40]. The corresponding minimum 
principle is given by reversing the inequalities. This result should be compared 
with (V. A. 2). 

2. If M is compact and fe F(M) is a differentiable function (of class 2) for 
which Lf = 0, then f is a constant function on M. 


3. If M is a compact Riemannian manifold, then a function f € F(M) for which 
Af = 0 is a constant function on M. 

This is the Bochner lemma [4]. 

Note that M need not be orientable. By applying the Hopf minimum principle 
the statements 2 and 3 are seen to be valid with the inequalities reversed. 


G. Zero curvature 


1. The results of § 6.7 may be described in the following manner: 

Zero curvature is the integrability condition for the pfafhan system given 
by the connection forms on the bundle B of unitary frames over M. Hence, 
there exist integral manifolds; a maximal integral submanifold through a point 
will be a covering space of the manifold M. These manifolds are locally isometric 
since the mapping from the horizontal part of the tangent space of B to the 
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tangent space of M is always an isometry (cf. the last paragraph of § 1.8 where 
in the description of an affine connection W, is the horizontal part of T,, 
by definition, and (7*(7}))* is the vertical part). Since B is parallelisable 
into horizontal and vertical fields, the horizontal parallelization yields a local 
parallelization on M which is covariant constant by the properties of the 
horizontal parallelization. 

An integral manifold is called a maximal integral manifold if any integral 
manifold containing it coincides with it [27]. 


H. The vanishing theorems 


1. Theorem 3.2.1] is a special case of Myers’ theorem [62]: The fundamental 
group of a compact Riemannian mantfold M of positive definite Ricci curvature is 
finite. The proof depends on his theorem on conjugate points which was estab- 
lished by means of the second variation of the length integral. It has recently 
been shown that if M is Kaehlerian, it is simply connected [81]. The proof depends 
on theorem 6.14.1 and the theorem of Riemann-Roch [80]. 

2. Given a real closed form y of bidegree (1, 1) belonging to c(B) there exists 
a system {a,} of positive functions of class « satisfying a, = | f,gl?ag in U7 Ug, 
such that V— 1 d’d’’ log a, = 2my. 

To see this, let {a,} be a system of positive functions satisfying a, = | f,» |"a, 
and set 2ryy = 2ry — V— 1 d’d” log a. Then, since H[y,] =0, 7) = 2 d”8”" Gyo. 
Applying (5.6.1), show that yy = 2V—1 d’d’’ AGyo. Finally, put 
a, = a, exp (— 47AGy). 

3. Show that the first betti number of a compact Kaehler manifold with 
positive definite first Chern class is zero. 


1, Cohomology 


1. For a compact Kaehler manifold, show that the cohomology groups defined 
by the differential operators d, d’, and d’’ are canonically isomorphic. 

In the case of an arbitrary complex manifold, it can be shown that the de Rham 
isomorphism theorem is valid for d’’-cohomology. 


CHAPTER VII 


GROUPS OF TRANSFORMATIONS OF KAEHLER 
AND ALMOST KAEHLER MANIFOLDS 


In Chapter III the study of conformal transformations of Riemannian 
manifolds was initiated. Briefly, by a conformal map of a Riemannian 
manifold M is meant a differentiable homeomorphism preserving the 
metric up to a scalar factor. If the metric is preserved, the trans- 
formation is an isometry. The group of all the isometries of M onto itself 
is a Lie group (with respect to the natural topology). It was shown that 
the curvature properties of M affect the structure of its group of 
motions. More precisely, if M is compact, the existence or, rather, non- 
existence of 1-parameter groups of conformal maps is dependent upon 
the Ricci curvature of the manifold. 

In §3.8, an infinitesimal conformal transformation of a compact and 
orientable Riemannian manifold was characterized as a solution of a 
system of differential equations. This characterization is dependent 
upon the Ricci curvature, so that, if the curvature is suitably restricted 
there can be no non-trivial solutions of the system. In an analogous way, 
an infinitesimal holomorphic transformation X of a compact Kaehler 
manifold may be characterized as a solution of a differential system. 
Again, since this system of equations involves the Ricci curvature 
explicitly, conditions may be given in terms of this tensor under which 
X becomes an isometry. For example, if the 1** Chern class determined 
by the 2-form y¢ (cf. (5.3.38)) is preserved (0(X)~ = 0), X defines an 
isometry [58]. ‘ 

On the other hand, if the scalar curvature is a (positive) constant, the 
holomorphic vector field X may be expressed as a sum Y + JZ where 
both Y and Z are Killing vector fields and J is the almost complex 
structure defining the complex structure of the manifold. If K denotes 
the subalgebra of Killing vector fields of the Lie algebra L, of 
infinitesimal holomorphic transformations, then, under the conditions, 
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L, = K+ JK. In this way, it is seen that the Lie algebra of the group 
of holomorphic homeomorphisms of a compact Kaehler manifold with 
constant scalar curvature is reductive [58]. 

Moreover, for a compact Kaehler manifold M, with metric h, let 
A,(M) denote the largest connected group of holomorphic homeomor- 
phisms of M and G a maximal compact subgroup. Suppose that the 
Lie algebra L, of Ag(M) is semi-simple. For every a € G, let a*h denote 
the transform of h by a. Then, since a is a holomorphic homeomorphism 
a*h is again a Kaehlerian metric of M and g = [{,(a*h)da is a Kaehlerian 
metric invariant by G. Since G is a maximal compact subgroup of A,(M), 
the subalgebra K of L, corresponding to the subgroup G of A,(M) 
coincides with the Lie algebra generated by the Killing vector fields of 
the Kaehler manifold defined by M and g. Since L, is a complex and 
semi-simple Lie algebra, and G is a maximal compact subgroup of A,(™M), 
the complex subspace of L, generated by K coincides with L,, that is 
L,= K + JK. 

Let M be a compact complex manifold whose group of holomorphic 
homeomorphisms A(M) is transitive. If the fundamental group of M@ 
is finite and its Euler characteristic is different from zero, A(M) is 
semi-simple [59]. 

By an application of theorem 6.13.1, it is shown that a compact 
complex manifold for which 8,5 = 2 does not admit a complex Lie 
group of holomorphic homeomorphisms which is transitive [9]. 

Now, a conformal transformation of a Riemann surface is a holo- 
morphic homeomorphism. For complex manifolds of higher dimension 
this is not necessarily the case. However, if M is a compact Kaehler 
manifold of complex dimension n > 1, an infinitesimal conformal 
transformation is holomorphic, if and only if, it is an infinitesimal 
isometry. 

By an automorphism of a Kaehler manifold is meant a holomorphic 
homeomorphism preserving the symplectic structure. Hence, by 
theorem 3.7.1, the largest connected Lie group of conformal trans- 
formations of a compact Kaehler manifold coincides with the largest 
connected group of automorphisms of the Kaehlerian structure provided 
n> 1. For 2 =1, it coincides with the largest connected group of 
holomorphic homeomorphisms [58, 36]. 

The problem of determining the most general class of spaces for which 
an infinitesimal conformal transformation is an infinitesimal isometry 
is considered. To begin with, a (real analytic) manifold M of 2x real 
dimensions which admits a closed 2-form 2 of maximal rank everywhere 
is said to be symplectic. Let g be a Riemannian metric of M which 
commutes with $2 (cf. (5.2.8)). Such an inner product exists at each 
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point of M. Assume that the operator J : €* — (4(X)Q)* acting in the 
tangent space at each point defines an almost complex structure on M 
and, together with g, an almost hermitian structure. If the manifold is 
symplectic with respect to 2, the almost hermitian structure is called 
almost Kaehlerian. In this case, M is said to be an almost Kaehler 
manifold. Regarding conformal maps of such spaces, it is shown that 
the largest connected Lie group of conformal transformations coincides 
with the largest connected group of isometries of the manifold provided 
the space is compact and m > | [36]. More generally, if M is a compact 
Riemannian manifold admitting a harmonic form of constant length, 
then C,(M) = 1,(M) (cf. § 3.7 and [78]). 

By considering infinitesimal transformations whose covariant forms 
are closed the above results may be partially extended to non-compact 
manifolds. Indeed, let X be a vector field on a Kaehler manifold whose 
image by J is an infinitesimal conformal map preserving the structure. 
The vector field X is then ‘closed’, that is its covariant form (by the 
duality defined by the metric) is closed. In general, a ‘closed conformal 
map’ is a homothetic transformation. In fact, a closed conformal map X 
of a complete Kaehler manifold (of complex dimension 2 > 1) which 
is not locally flat is an isometry [45]. In the locally flat case, if X is of 
bounded length, the same conclusion prevails [42]. 


7.1. Infinitesimal holomorphic transformations 


In §5.8, the concept of a holomorphic map is given. Indeed, a 
differentiable map f: M — M’ of acomplex manifold M into a complex 
mainfold M’ is said to be holomorphic if the induced dual map f*: 
A**(M"‘) — /**(M) sends forms of bidegree (1,0) into forms of the same 
bidegree. It follows from this definition that f* maps holomorphic 
forms into holomorphic forms. The connection with ordinary holo- 
morphic functions was given in lemma 5.8.1: If M’ = C, f is a holo- 
morphic map, if and only if, it is a holomorphic function. 

Let f be a holomorphic map of M (that is, a holomorphic map of M 
into itself) and denote by J the almost complex structure defining its 
complex structure. The structure defined by / is integrable, that is, in a 
coordinate neighborhood with the complex coordinates (z*) operating 
with J is equivalent to sending @/éz* and 0/0%* into Y— | @/éz* and 
— V— 1 &@/éz', respectively. Hence, J is a map sending vector fields 
of bidegree (1,0) into vector fields of bidegree (1,0), so that at each 
point PeM 

Sepp = Ipprfer (7.1.1) 
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where f, denotes the induced map in the tangent space Tp at P and Jp 
is the linear endomorphism defined by J in Tp. Since two complex 
structures which induce the same almost complex structure coincide, 
the map f is holomorphic, if and only if, the relation (7.1.1) is satisfied. 
If the manifold is compact, it is known that the largest group of holo- 
morphic transformations is a complex Lie group, itself admitting a 
natural complex structure [/3]. 

Let G denote a connected Lie group of holomorphic transformations 
of the complex manifold M. To each element A of the Lie algebra of G 
is associated the |-parameter subgroup a, of G generated by A. The 
corresponding |-parameter group of transformations R, on M(R,, P = 
P.a,, Pe M) induces a (right invariant) vector field .X¥ on M. From the 
action on the almost complex structure J, it follows that 6(.X)J vanishes 
where 6(X) is the operator denoting Lie derivation with respect to the 
vector field X and J denotes the tensor field of type (1,1) defined by the 
linear endomorphism J. On the other hand, a vector field on M 
satisfying the equation: 

aX)J =0 (7.1.2) 


generates a local 1-parameter group of local holomorphic transformations 
of M. 

An infinitesimal holomorphic transformation or holomorphic vector field X 
is an infinitesimal transformation defined by a vector field X satisfying 
Gadi2): 

In order that a connected Lie group G of transformations of M be a 
group of holomorphic transformations, it is necessary and sufficient that 
the vector fields on M induced by the l-parameter subgroups of G 
define infinitesimal holomorphic transformations. If M is complete, an 
example due to E. Cartan [/9] shows that not every infinitesimal holo- 
morphic transformation generates a l-parameter global group of 
holomorphic transformations of M. 

Let L, denote the set of all holomorphic vector fields on M. It is a 
subalgebra of the Lie algebra of all vector fields on M. If M is compact, 
L,, is finite dimensional and may be identified with the algebra of the 
group A(M) of holomorphic transformations of M. 


Lemma 7.1.1. Let X be an infinitesimal holomorphic transformation of a 
Kaehler manifold. Then, the vector field X satisfies the system of differential 


equations 
FagD, &© — FogDc £4 =0 (7.1.3) 


where, in terms of a system of local coordinates (u“), A = 1, 2n, 
X = £4 0/0u", the F4y denote the components of the tensor field defined 
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by J, and D , indicates covariant differentiation with respect to the connection 
canonically defined by the Kaehler metric. 

We denote by the same symbol J the tensor field of type (1,1) defined 
by the linear endomorphism /: 


a 
| = Fa a © du®, 


(Note that we have written J in place of the tensor J of § 5.2.) Then, 


a] a é 
AX) J = (X FAy) =a @ du® + Fay |X, 7] @ du® + F4g a @ dXu? 
OFA a é é og8 8 
St B B.RA Cc B A Cc 
é dul aya © a + Fay [é Fae’ Bak | © eee uc aa Oe 
6F4 oé4 O€e a] 
— {src B C | RA B 
=(F euc Pa ae + Feo a) Ga Oe 


f a] 
= (€°DoF4g PACD ae Bo Dee ) Fya © au. 


Since the connection is canonically defined by the Kaehler metric, and 
Fy = V — 1 g,; in terms of a J-basis (cf. (5.2.11)), D,F'; = 0. Finally, 
since X is a holomorphic vector field, @(X)J vanishes. 


Corollary 1. An infinitesimal holomorphic transformation X of a Kaehler 
manifold satisfies the relation 
AX) JY = JO.X)Y 
for any vector field Y. 
Indeed, for any vector fields X and Y 


a4 og4 
((X)Y)4 = [X,Y }4 = 0 ST — 9 SE 


Be Dont 25° Dee, 
Taking account of the fact that the covariant derivative of J vanishes 


the relation follows by a straightforward computation. 


Corollary 2. In terms of a system of local complex coordinates a holo- 
morphic vector field satisfies the system of differential equations 


og a 
agi 9 ij = Lev, mn. 
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This follows from the fact that the coefficients of connection I”4;. 
vanish. 
It is easily checked that 
A JX)] = JX). 
Therefore, if X is an infinitesimal holomorphic transformation, so is 


JX, and dim L, is even. 
In the sequel, we denote the covariant form of @(X)J by t(X), that is 


t(X) 4p = gac(H(X)])°p. 
Lemma 7.1.2. For any vector field X on a Kaehler manifold with metric 


g and fundamental 2-form 92 
1(X) = JOX)g + A(X)Q, 


where by 0(X)2 we mean here the covariant tensor field defined by the 
2-form 8(X)Q. 
For, 
—UX)ap = Fox(De £4 — Da fe + Da Ec) + Fo Dp Ec 
= FC,((X)g)ac + Da X)2)4 — Da({X)2)p 
= — (JO X)g) az — (4(X)2) ap 
(cf. formula (5.2.10)). 


Lemma 7.1.3. A vector field X defines an infinitesimal holomorphic 
transformation of a Kaehler manifold, if and only if, 


JAX)2 = OX)g, 


that 1s, when applied to the fundamental form the operators 6(X) and J 
commute or, when applied to the metric tensor, they commute. 

This follows from the previous lemma, since J2 = g. 

Let X be an infinitesimal holomorphic transformation of the Kaehler 
manifold M. Then, by the second corollary to lemma 7.1.1, a¢4/837 = 0. 
But these equations have the equivalent formulation 


, Dj é=—0 


since the coefficients of connection I4;. vanish. Hence, a necessary 
and sufficient condition that the vector field X be an infinitesimal 
holomorphic transformation is that it be a solution of the system of 


differential equations 
Di i=. (7.1.4) 
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With this formulation (in local complex coordinates) of an infinitesimal 
holomorphic transformation we proceed to characterize these vector 
fields as the solutions of a system of second order differential equations. 

Toevery real 1-form «, we associate a tensor field a(x) whose vanishing 
characterizes an infinitesimal holomorphic transformation (by means of 
the duality defined by the metric). Indeed, if « = a,dz“, we define 


a(x) by 


aa); = Dya;, Ae) ij = a(a)je, = 0, Ala) jaye = Dynes. 
Now, from 
(4a)4 = — g?°DcDgay + Rape? 
we obtain 
(da), = — gi**D,Djeoy — gi®* Dye Dyoy + Ryo”. (7.1.5) 
Transvecting the Ricci identity 
DDssi = Dei ORs 
with g*/* we obtain 
2)"*D,Dyeag — Dye Dog = Ryjood”. (7.1.6) 
Hence, from (7.1.5) and (7.1.6) 
(da — 20a), = — 2g" D ys D yor; 
From the definition of a(«), it follows that 
(4a — 2Qa); = — 2g7*"D,+a(a);;. 


Hence, if a(x) = 0, da = 20a. If M is compact, the converse is also true. 
To see this, define the auxiliary vector field b(«) by 


B(x); = ata(a) jz. 
Then, by means of a computation analogous to that of § 3.8 
25b(a) = <da — 20,0) — 4 <a(a), a(x). 


if we assume that M is compact, then, by integrating both sides of 
this relation and applying Stokes’ formula, we obtain the integral formula 


(da —20a,x) = 4{a(«), a(a)). (7.1.7) 
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Theorem 7.1.1. On acompact Kaehler manifold, a necessary and sufficient 
condition that a 1-form define an infinitesimal holomorphic transformation 
(by means of the duality defined by the metric) is that it be a solution of the 
equation 

Ag = 208. (7.1.8) 
[76]. 

The fact that this equation involves the Ricci curvature (of the Kaehler 
metric) explicitly will be particularly useful in the study of the structure 
of’ the group of holomorphic transformations of Kaehler manifolds 
with specific curvature properties. 

If a vector field X generates a l-parameter group of motions of a 
compact Kaehler manifold, then, by theorem 3.8.2, cor. 


4é = 20€ and $£ = 0. (7.1.9) 
Hence, 


Corollary. An infinitesimal isometry of a compact Kaehler manifold ts a 
holomorphic transformation. 


In terms of the 2-form ~ defining the 1* Chern class of the compact 
Kaehler manifold 


Of = — In i(JX)p 


for any vector field X on M. The equation (7.1.8) may then be written 


in the form 
Ag = — 4ni( JX)p. (7.1.10) 


Taking the exterior derivative of both sides of this relation we obtain, 
by virtue of the fact that w% is a closed form, 


Adé = — 4n0(JXyp. (7.1.11) 


Let Y = JX be an infinitesimal holomorphic transformation pre- 
serving y%. Then, since X = — JY, equation (7.1.11) yields 


AQ(Y)Q = 4n0(Y Ws = 0. 


Hence, 6(Y)Q is a harmonic 2-form. But 0(Y)Q = di(Y)Q. Thus, since 
a harmonic form which is exact must vanish, i(Y)Q is a closed 1-form. 
Applying the Hodge-de Rham decomposition theorem 


i(Y)Q = df + H{i(Y)Q] (7.1.12) 


for some real function f of class «. 
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Define the map C: A1(M) — A1(M) associated with J as follows 
CE = 1(6)2. 


Since F', Fi, = — 8, 


The relation (7.1.12) may now be re-written as 
Cy = df + H[Cy], (7.1.13) 


where 7 is the covariant form for Y. Applying the operator C to (7.1.13) 


we obtain 
nq = — Cdf + CH[Cy]. 


Since df is a gradient field and H[Cy] is a harmonic 1-form, 6» vanishes 
(cf. lemma 7.3.2). We have proved 


Theorem 7.1.2. Jf an infinitesimal holomorphic transformation of a 
compact Kaehler manifold preserves the 18' Chern class it is an infinitesimal 
isometry [58]. 


7.2, Groups of holomorphic transformations 


The set L, of all holomorphic vector fields on a compact complex 
manifold is a finite dimensional Lie algebra. As a vector space it may be 
given a complex structure in the following way: If X, Y <¢L, so do 
JX and JY, and by lemma 7.1.1 (see remark in VII. A. 1), 


JUS Y]) = [JY] = 9); 


the complex structure is defined by putting W— 1X = JX for every 
X é€L,. Clearly, then, /2X = — X for all X, that is J? = —J on Jy. 

Let K denote the Lie algebra of Killing vector fields on the compact 
Kaehler manifold M. Since M is compact it follows from the corollary 
to theorem 7.1.1 that K is a subalgebra of L,. We seek conditions on the 
Kaehlerian structure of M in order that the complex subspace of L, 
generated by K coincides with L,. 

Let K be an arbitrary subalgebra of a Lie algebra L. The derivations 
6(X), X ¢ K define a linear representation of K with representation 
space A(L)—the Grassman algebra over L. If this representation is 
completely reducible, K is said to be a reductive subalgebra of L or to 
be reductive in L. A Lie algebra L is said to be reductive if, considered 
as a subalgebra of itself, it is reductive in L [48]. 
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Let K be a reductive subalgebra of L and H a subalgebra of L 
containing K. For every X e K, the extension ¢: A(H) > A(L) of 
the identity map of H into L satisfies 


PAX) = AX)¢. 


Since ¢ is an isomorphism, it follows that the inverse image by ¢ of 
an irreducible subspace of A(Z) invariant by K is an irreducible sub- 
space of \(H) invariant by K. We conclude that K is reductive in H. In 
particular, a reductive subalgebra of LZ is reductive. 

It can be shown, if L is the Lie algebra of a compact Lie group, that 
every subalgebra of L is a reductive subalgebra. In particular, Z is then 
also reductive. 

Now, let M be a compact Kaehler manifold and assume that its Lie 
algebra of holomorphic vector fields L, is generated by the subalgebra K 
of Killing fields. More precisely, assume that 


L, = K+ JK. 


Then, the complex subspace of L, generated by K coincides with L,. 
Since M is compact, the largest group of isometries is compact. Hence, 
the Lie algebra K is reductive; in addition, its complexification K° is 
also reductive. Since L, = K + JK, there is a natural homomorphism 
of K* on L, and, therefore, L, is a reductive Lie algebra. The last 
statement follows from the fact that the homomorphic image of a 
reductive Lie algebra is a reductive Lie algebra. 


Lemma 7.2.1. If the Lie algebra L, of holomorphic vector fields on a 
compact Kaehler mantfold can be represented in the form 


(re ares 4 


where K is the Lie algebra of Killing vector fields, then L, is a reductive Lie 
algebra. 

As a consequence, if the manifold is a Kaehler-Einstein manifold, 
we may prove 


Theorem 7.2.1. The Lie algebra of the group of holomorphic trans- 
formations of a compact Kaehler-Einstein manifold is reductive [59]. 
For an element X €L,, 4€ = 20€ = cé for some constant c since the 
manifold is an Einstein space. By the Hodge decomposition of a 1-form 
€& = df + 8a + H[£] for some function f of class © and 2-form a. 
Applying 4 to both sides of this relation, we obtain 4g = ddf 4- 54a 
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and, since Af = c€, ddf + 84a = def + dca 4- cH[€]. Thus, d(4f — cf) 
+ 8&(da — ca) — H[cf] = 0; again, by the decomposition theorem, 
d(Af — cf) =90 and &(da — ca) =0, that is ddf = cdf, dda = céa. 
Consequently, the (contravariant) vector fields defined by df and &&@ 
(due to the duality defined by the metric) are holomorphic. But 88a = 0, 
and so by the corollary to theorem 3.8.2, 7 = 6a defines a Killing vector 
field. Since df is a gradient field, the l-form — ¢ = Cdf has zero 
divergence. Thus, 
E=y + Cl + HE] 


where y and ¢ define Killing fields. 

If ¢ > 0, H[é] vanishes by theorem 3.2.1. If ¢ = 0, the Ricci curvature 
vanishes, and therefore J = 20 = 0. € is thus harmonic, and so 
5€ =: 0, that is, € defines a Killing field. Ifc <0,» = € = 0 by theorem 
3.8.1, that is € is harmonic, and consequently defines a Killing field. 
In all cases, € is of the form » + CCE. 

Conversely, if 4 and € define Killing fields, € = y -+- CQ defines a 
holomorphic vector field. 


Lemma 7.2.2. A necessary and sufficient condition that a Lie algebra L 
over R be reductive is that it be the direct sum of a semi-simple Lie algebra 
and an abelian Lie algebra [48]. 

If L is reductive, the endomorphisms @d(X) which are the restrictions 
of 6(.X) to A1(L) define a completely reducible linear representation of L. 
The L-invariant subspaces of A}(Z) are therefore the ideals of L. 
Moreover, L is the direct sum of the derived algebra L’ of Z and an 
ideal C (supplementary to L‘) belonging to the center of L. Let K be 
the radical of ZL’. Since K is an ideal of L, there exists an ideal of L 
supplementary to K. Therefore, the derived algebra K‘' of K is the 
intersection of K with L’. Hence, K’ = K and thus K = {0}. We 
conclude that L’ is semi-simple and C the center of L. 

Conversely, let L be the direct sum of a semi-simple Lie algebra and 
an abelian Lie algebra. Then, the endomorphisms 6(X) define a linear 
representation of the semi-simple part since @(X) vanishes on the 
abelian summand. Since this representation is completely reducible, 
L is reductive. 

We have seen that the Lie algebra of the group of holomorphic trans- 
formations of a compact Kaehler-Einstein manifold is reductive. It is 
now shown that the group A(M) of holomorphic transformations of a 
compact complex manifold M, with no restriction on the metric, but 
with the topology of the manifold suitably restricted, is a semi-simple 
Lie group, and hence the Lie algebra of A(M) is reductive. 
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Theorem 7.2.2. If the group of holomorphic transformations A(M) of a 
compact complex manifold M with finite fundamental group and non- 
vanishing Euier characteristic is transitive, it is a semi-simple Lie group [59]. 

Since M is a connected manifold and A(M) is transitive, the com- 
ponent of the identity A)(M) of A(M) is transitive on M. Let G bea 
maximal compact subgroup of A,(M). Then, since M is compact and 
has a finite fundamental group, G is also transitive on M [6/]. Let B 
be the isotropy subgroup of G at a point P of M. Since the Euler 
characteristic of M is different from zero, B is a subgroup of G of 
maximal rank [47]. Since G is etfective on M it must be semi-simple; 
for, otherwise B contains the center of G. Applying a theorem due to 
Koszul [49], M admits, as a result, a Kaehler-Einstein metric invariant 
by G. It follows from the proof of theorem 7.2.1 that L, = K+ JK 
where L, is the Lie algebra of A,(M) and K the Lie algebra of G. 
Finally, since K is semi-simple, L, is also semi-simple. 


7.3. Kaehler manifolds with constant Ricci scalar curvature 


The main results of the previous section are now extended to manifolds 
with metric not necessarily a Kaehler-Einstein metric. 

To begin with let 7(X) denote the 2-form corresponding to the skew- 
symmetric part of ¢(.X) (cf. § 7.1). Then, by a straightforward application 
of lemma 7.1.2 and equation (3.7.11) we obtain 


Lemma 7.3.1. For any vector field X on a Kaehler manifold 
WX)Q — O(X)Q = 8£.2 — 27(X). 
We shall require the following 
Lemma 7.3.2. On a Kaehler manifold 
4C=CA4 and QC=CO. 


The first relation follows from the fact that the covariant derivative 
of J vanishes, and the second is a consequence of the relation 


Ry Fi,F's — Ry. 
which may be established as follows. In the first place, 


DpDeoF4g — DeDpFAg = FNgR4Ancn — FAyR gcp.- 
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Hence, 

FN R4AncpD = FAnRNagco, 
that is, 

FN gRnacp = FNaRnecp 
or, 


Rysco = FR AF’ pRercp- 
Thus, in terms of a J-basis 
a ynd* 
Ryye yj = F vo we Rope ajee 


The desired result is obtained by transvecting with g%". 

This may also be seen as follows: Since the affine connection preserves 
the almost complex structure J, and the curvature tensor (which, as we 
have seen is an endomorphism of the tangent space) is an element of the 
holonomy algebra [63], it becomes clear that J and R(X, Y) commute 
(cf. VI.A.1). 

As an immediate consequence, we obtain a previous result: 


Corollary 1. If X ts a holomorphic vector field so is JX. 


Corollary 2. On a compact Kaehler manifold the operators C and H 
commute. 

This follows from the fact that £ = AGE + A[é] for any p-form &€. 
For, then, Cé = 4CGE + CHE]. But C€é = 4AGCE + A[CE]. Hence, 
A(GCE — CGé) = CH[é] — A[C€], and so, by §2.10, the right-hand 
side is orthogonal to A%(T°*) and therefore must vanish. 

Let X eL,—the Lie algebra of holomorphic vector fields on the 
compact Kaehler manifold M. Then, as in the proof of theorem 7.2.1, 
decompose the 1-form é: 


E=n +l (7.3.1) 


where 7 is co-closed and ¢ exact, that is 7 = Sa + H[{€] and ¢ = df. 
We show that 4(7)2 vanishes. Indeed, by lemma 7.3.1 


O(X)Q — HX)Q = 8E-2. 
Applying 6 to both sides of this relation, we derive 


8A(X)Q = Cddé 
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(see proof of theorem 7.5.1). Hence, from (7.3.1), 86(n)2 + 86(Q)2 
= Cd8{, Taking the global scalar product of this relation with Cy, 


i! O(m)Q ||? + (0(2)Q, O(m)2) = 0 


where we have employed the notation || « ||? = fy aA *a. But 

(8(D).2, O(n)2) = (8dCE, Cy) = (8dCdf, Cn) = (4Caf, Cn) = (CAdf, Cr) 

=. (Adf, 7) = (Adf, ba + HIE) = (Adf, 8x) = (dAdf, 0) = (Addf, a) = 0. 
Bince 6(n)Q = dCn, it follows that 


Dyn; + Dinx = 0. 


Consequently, since 


oR 
28Q0y = — 2D4(R4?ny) = — 1% eae R42(Dena + Dang) 


we deduce from the previous statement that 

2807 = — <n, dRY. 
Hence, assuming R = const., 

807 = 0. 
Thus, since 47 is co-closed, so is 
At — 206 = - (dy — 2Qn). 
Applying formula (7.1.7) to the 1-form ¢, we obtain 
0 = (AE — 208,¢) = 4(a(Z), a(2)) 


since € is exact. Hence, ¢ defines a holomorphic vector field, and 
consequently so does 7. In fact, 7 defines a Killing vector field. 

We show that AH[&] has vanishing covariant derivative. In the first 
place, since dCn = 0 and Cy = Cda 4 H[CE], Céda is closed. Thus, 
Cé« = 6’ + H[Céa] where €’ is exact. It follows, as above, that 
H[CEé + Céa] defines a holomorphic vector field. Hence, A[é + 8a] 
defines a holomorphic vector field. But H[£ + de] = H[&]. Applying 
(7.1.4), the result follows. 
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Summarizing, we have the following generalization of theorem 7.2.1: 


Theorem 7.3.1. The Lie algebra of the group of holomorphic transforma- 
tions of a compact Kaehler manifold with (positive) constant scalar curvature 
is reductive. Moreover, the harmonic part of a \-form defining an infint- 
tesimal holomorphic transformation has zero covariant differential [58]. 


Corollary. Jf M is a homogeneous Kaehlerian space of a compact Lie 
group G of holomorphic transformations of M, the Lie algebra of G is 
reductive. 

This follows from the fact that the manifold M with the invariant 
Kaehlerian metric (by G) constructed from the (original) metric of M 
has constant scalar curvature (cf. VI.E.1 and proof of theorem 3.7.5). 

In particular, if the group of holomorphic transformations A(M) 
is transitive and the fundamental group of M is finite, M is a homo- 
geneous Kaehlerian space of a compact Lie group G [58]. For, then, 
a maximal compact subgroup G of the component of the identity of the 
group A(M) operates transitively on M. 


7.4. A theorem on transitive groups of holomorphic transformations 


In this section, it is shown if the dimension of the vector space of 
holomorphic -forms of a compact complex manifold M of complex 
dimension n is suitably restricted, M cannot admit a transitive group 
of holomorphic transformations. 

To begin with, we state the special case of theorem 6.13.1: 

Let a? = adz', r= 1,°+,N be N >n holomorphic differentials 
on the compact complex manifold M with the property: ‘For any 
system of constants c’ (not all zero), the rank of the matrix 
(a%, ¢7),21,....Na=1,-.. has its maximum value n + | at some point.’ 
Then, there are no (non-trivial) holomorphic vector fields on M. 

We generalize this statement in the following manner: 

Let t and t’ be holomorphic tensor fields of type (s, r) and (7, s), 
respectively. They each have m*+* components which we denote by é, 
and 7%, respectively, a = 1, -, n7+5, in a fixed ordering, that is, by &, we 
mean the component &,()),..4¢)%77)- "+9 and by 7% the component 
227) dy atresy) Now, since ¢ and t’ are holomorphic, the product 
é,y* is a constant. Thus, 


Theorem 7.4.4. Let ¢", m= 1,°°,N be N > n*+s holomorphic tensor 
fields of type (r, s) on the compact complex manifold M with the property : 
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‘For any system of constants c™ (not all zero) the rank of the matrix 
(E%™), c™) ot. Niawl,..nrts i ntts + | at some point.’ Then, there are no 
(non-trivial) holomorphic tensor fields of type (s,r) on M [9]. 

If the tensor fields have symmetries, the integer N can be reduced. 
In particular, if 6”, m = 1,2 are two holomorphic m-forms, the number of 
components of the coefficients of each is essentially one, and we 
have 


Corollary 1. A compact complex manifold for which b, o(M) = 2 cannot 
carry a (non-trivial) skew-symmetric holomorphic contravariant tensor field 
of order n. 


Corollary 2. A compact complex manifold for which b,,o(M) = 2 does 
not admit a transitive Lie group of holomorphic transformations. 

For, by the previous corollary, M does not admit » independent 
holomorphic vector fields (locally). 


7.5. Infinitesimal conformal transformations. Automorphisms 


Conformal transformations of Riemannian manifolds were studied 
in Chapter III]. The problem of determining when an infinitesimal 
conformal transformation is an infinitesimal isometry was omitted. In 
this, as well as the following section, this problem is studied for compact 
manifolds. Indeed, it is shown that for a rather large class of Riemannian 
manifolds, an infinitesimal conformal transformation is an infinitesimal 
isometry. This class includes the so-called almost Kaehler manifolds 
which, as the name signifies, are more general than Kaehler manifolds. 

Consider a 2n-dimensional real analytic manifold M admitting a 
2-form £2 of rank 2n everywhere. If £2 is closed, the manifold is said to be 
symplectic. Assume that M admits a metric g such that 


EUX,JY) = (X,Y), 


that is, assume g defines an -hermitian structure on M admitting Q as 
fundamental 2-form—the ‘almost complex structure’ J being determined 
by g and Q: g(X,Y) = Q(X, JY) (cf. VIL.B). The manifold M with 
metric g and almost complex structure J is called an almost hermitian 
manifold (2 need not be closed). If the manifold is symplectic with 
respect to 2, the almost hermitian structure is said to be almost 
Kaehlerian. In this case, M is called an almost Kaehler manifold. 
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Lemma 7.5.1. Zn an almost Kaehler manifold with metric g_ the 
fundamental form 2 is both closed and co-closed. 


In the first place, the Riemannian connection of g is defined by the 
(self adjoint) forms 04, : 


=H, OF =H, 
6, + 0, =0 


in the bundle of unitary frames (cf. § 5.3). Since this connection is 
torsion free 


db4 = / OAc; 
consequently, in terms of the complex coframes (6, 6"), i= 1,-",2” 
di = OF A OH, + OF A Bigs 
and 
de =O NO, +O NA Oye. 
We put 
04, = TA0°. 

Then, since 


Fig = V— 1 Bip 


(where the g,;. are the components of g with respect to the coframes 
(@, 6**)), and the connection is a metrical connection 


DPF ie = V — 1 Dygije = 0 


where D, denotes covariant differentiation with respect to the Rieman- 
nian connection. Moreover, it can be shown that D,F’,, = 2 Vv—1 Pe 
and D,.Fi;. = 2V—1Ty}.4.. Hence, since is closed, it follows from 
(2.12.2) that 


DF jj a DF «x + Dy Py; = 0. 


Thus, since D, F;;. = 0, 
Dye Fi = 0. 
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In conclusion, then, 
me (62), => Dy Fj; + BDF 0; = 0. 


If J defines a completely integrable almost complex structure, M is 
Kaehlerian (cf. § 5.2). A Kaehler manifold is therefore an hermitian 
manifold which is symplectic for the fundamental 2-form of the hermitian 
structure, 

We have seen that on a compact and orientable Riemannian manifold 
M the Lie derivative of a harmonic form with respect to a Killing 
vector field X vanishes. If M is Kaehlerian, the l-parameter group of 
isometries gp, generated by X preserves the fundamental 2-form 2, 
that is 


giQ = Q. (7.5.1) 


Moreover, from theorem, 7.1.1, cor., y, is a holomorphic transformation 
for each ¢, and so from (7.1.1) op} JQ = Jp. This may also be seen 
in the following way 


pr JQ = gig =g = JQ = JeiQ 


by (7.5.1). 

A holomorphic transformation f preserving the symplectic structure 
(that is, for which f*2 = Q) will be called an automorphism of the 
Kaehlerian structure. A holomorphic vector field satisfying the equation 
4X) = 0 will be called an infinitesimal automorphism of the Kaehlerian 
structure. 

Now, an infinitesimal isometry is an infinitesimal conformal trans- 
formation. The converse, however, is not necessarily true. For, a 
conformal map X of a Riemann surface S with the conformally invariant 
metric (see p. 158) need not be an infinitesimal isometry. In any case, the 
vector field X defines an infinitesimal holomorphic transformation of S. 
For higher dimensional compact manifolds however, we prove 


Theorem 7.5.1. An infinitesimal conformal transformation of @ compact 
Kaehler manifold of complex dimension n > 1 is an infinitesimal isometry 
(57, 35]. 
This statement is also an immediate consequence of theorem 3.7.4. 
From equation (3.7.12) 


AX) + (X)Q = (1 ~ +) 54-0. 
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Applying the operator 6 to both sides of this relation we derive since 
6(X) and § commute and 2 is co-closed 


80(X)Q = (1 — 2) 8(3é - Q) 
=—(1- =) ase FB 4) duA 
=-(I ~2) Cade. 


Taking the global scalar product with Cé, we have 


(80(X)2, CE) = (A(X)2, dC£) = || OX) ||? 
and 


(Cd8&, CE) = (d8é, €) = || 3& ||, 
Hence, 
j| (X)Q | = — (1 — 2) |) 86 1, 


Thus, for 2 > 1, since one side is non-positive and the other non-negative, 
we conclude that 6(X)92 vanishes. For n > 2, it is immediate that 
5€ = 0, that is, X is an infinitesimal isometry, whereas for m = 2, a 
previous argument gives the same result. 


Corollary. The largest connected Lie group of conformal transformations 
of a compact Kaehler manifold of complex dimension n > 1 coincides with 
the largest connected group of automorphisms of the Kaehlerian structure. 
For n = 1, it coincides with the largest connected group of holomorphic 
transformations. Moreover, in this case, in terms of the norm || || defined 
by the Kaehler metric, 


|| (X)2 || = || 8€ [I- 


This is an immediate consequence of lemma 7.1.3; for, an infinitesimal 
automorphism of a Kaehler manifold is an infinitesimal isometry. 

We give a proof of theorem 7.5.1 which, although valid only for the 
dimensions 42 is instructive since it involves the hermitian structure 
in an essential way [35]. In the first place, by lemma 5.6.8, 2* is a 
harmonic 2k-form. Applying theorem 3.7.3, it follows that 0(X)Q* = 0. 
Now, since 6(X) is a derivation, 6(X)Q* = kO(X)Q A Q*-!, and so by 
corollary 5.7.2, L*-®6(X)Q vanishes. It follows by induction that 6(X)2 


vanishes, that is X defines an infinitesimal isometry of the manifold. 
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The operators L and 4 do not commute, in general, for almost 
Kaehlerian manifolds. However, it can be shown that 2* is harmonic 
in this case as well. 

Theorem 7.5.1 may be extended to the almost Kaehler manifolds 
without restriction. For, the proof of this theorem does not involve the 
complex structure of the manifold, but rather, its almost complex 
structure. In fact, insofar as the fundamental form is concerned only 
the facts that it is closed and co-closed are utilized. That the covariant 
differential of §2 vanishes has no bearing on the result. Hence, 


Theorem 7.5.2. An infinitesimal conformal transformation of a compact 
almost Kaehler manifold of dimension 2n, n> I is an infinitesimal 
isometry [36, 68]. 

Note that theorem 7.5.2 follows directly from theorem 3.7.4. For, 
92 is harmonic and <2, 2) is a constant. 


Corollary. The largest connected Lie group of conformal transformations 
of a compact almost Kaehler manifold of dimension 2n, n > 1 coincides 
with the largest connected group of isometries of the manifold. 

Remarks: For almost Kaehlerian manifolds, the conditions 6(X)92 = 0 
and 6(X)J = 0 (X is an infinitesimal automorphism) are sufficient 
in order to conclude that 6(X)g = 0. Conversely, if X is an infinitesimal 
isometry, it does not follow that 6(X)jJ = 0. For, the first term on the 
right in 

XJ = (6 DcP4y + FlcDp & — FopDe £4) 9G @ du? 


does not vanish. Moreover, one cannot conclude that 6(X)2 vanishes. 
In fact, the best that can be said is that ¢@(.X)Q, 2) vanishes. 


7.6. Conformal maps of manifolds with constant scalar curvature 


With respect to the left invariant metric g, we have seen that the 
Ricci scalar curvature of a compact semi-simple Lie group is a positive 
constant. Moreover, with respect to g, an infinitesimal conformal trans- 
formation is an infinitesimal isometry.. The same statements are valid 
for complex projective space P,(n > 1) with the Fubini metric. How- 
ever, the n-sphere may be given a metric of positive (constant) scalar 
curvature relative to which there exist infinitesimal non-isometric 
conformal transformations. On the other hand, for compact manifolds 
of constant non-positive scalar curvature we show, with no further 
restriction, that the only infinitesimal conformal maps are infinitesimal 
isometries [58]. 
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To begin with, an infinitesimal conformal transformation must 
satisfy equation (3.8.4): 


Aw + (1 = 2) d8x = 20a. 


Hence, since dda + &da = Ax, 
2 2) 
(2 — =) do — (1 — —)8da = 20a. 
Taking the divergence of both sides of this relation, we obtain 


2 
(2 — =) 480 = 28Qc. 
Therefore, since 
— 60a = Dj R*,x/) 
= D;R',jo8 + Rt,D oi 


aR 
=5 1 ayo) + RAD ya, + Dai)| 


5 [dR + Ri O(o)g) is] 


1 1 
x <dR,a> 1 Pa R. da, 
it follows that 


(1 — +) asa =4R. ba — 4 <dRia). 


But R = const., and so 


(1 ~ 4) dda = 4 R- ba. 


Hence, since this constant is non-positive, by taking the global scalar 
product of the last relation with da, we obtain the desired conclusion. 


Theorem 7.6.1. If M 1ts.a compact Riemannian manifold of constant 
non-positive scalar curvature, then C,(M) = I,(M). 

Let M be a compact Riemannian manifold of positive constant 
scalar curvature. If M admits a non-isometric infinitesimal conformal 
transformation it is not known whether M is isometric with a sphere. 


In fact, it is not even known whether M isa rational homology sphere 
(cf. theorem 3.7.5). 
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7.7. Infinitesimal transformations of non-compact manifolds 


Let X be a vector field on a Kaehler manifold whose image by the 
almost complex structure operator J (inducing the complex structure 
of the manifold) is an infinitesimal transformation preserving the 
Kaehlerian structure. The vector field X is then ‘closed’, that is 
its covariant form (by the duality defined by the metric) is closed. 
We show that a closed conformal map X (that is, an infinitesimal con- 
formal transformation whose covariant form € is closed) is a homothetic 
transformation. 

Indeed, since & is closed 


—1(X)ap = FCR(De 4 — Dg 6 + Da Ec) + FoaDp Ec 
= FCpD 4 Ec + FC 4Dz Ec 


= (CE)g) 42; 
that is ¢(X) is a symmetric tensor field. On the other hand, since 
O(X)g = — l/n 5&-g, it follows from lemma 7.1.2 that 


1(X) = -8¢ Q + AX). 


Hence, ¢(X) is also skew-symmetric and must therefore vanish. There- 
fore, 


= * dae A Q = d&(X)Q = &X)dQ =0. 


Thus, for n > 1, we may conclude that d8€ vanishes, that is, the vector 
field X defines a homothetic transformation. 

Moreover, we have proved that a closed conformal map its an 
infinitesimal holomorphic transformation. However, it need not be an 
infinitesimal isometry, as in the compact case. For, by lemma 7.3.1 


B(X)Q — 6(X)Q = sé Q. 
Applying 6 to both sides of this relation, we obtain 
SA(X)Q — Cddé = 0. 


Consequently, 6(.X)Q is both closed and co-closed, that is harmonic. But, 
although it is exact, it need not vanish; for, the decomposition theorem 
is valid for compact manifolds and, in the case of open manifolds 
further restrictions are necessary [3/]. Conversely, an infinitesimal 
isometry need not be a holomorphic transformation. Thus, an infini- 
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tesimal isometry of a Kaehler manifold need not be an automorphism 
of the Kaehlerian structure. The best that can be said in this context 
is given by 


Theorem 7.7.1. A closed conformal map of a Kaehler manifold is a 


holomorphic homothetic transformation [36]. 


Conditions may be given in order to ensure that a closed conformal 
map X be an infinitesimal isometry. Indeed, if the manifold is complete 
but not locally flat this situation prevails [45]. In the locally flat case, 
if X is of bounded length, the same conclusion may be drawn [42]. 

A Riemannian manifold M can be shown to be complete if every 
geodesic may be extended for infinitely large values of the arc length 
parameter. By a well-known theorem in topology this assertion can be 
shown to be equivalent to the statement: ‘Every infinite bounded set 
(with respect to d, cf. I.K.1) of M has a limit point.” For the 
relationship with complete vector fields, the reader is referred to [63]. 


EXERCISES 


A. Groups of holomorphic transformations 
1. For any vector fields X¥, Y and Z on a Kaehler manifold M show 

(a) (A(X)Q) (¥,Z) = &X) (gJY¥,Z)) — sJIX,¥],2Z) — sJ¥[%2)) 
and 

(b) (@X)g) (JY,2Z) = X) (eV ¥,2)) — a([X,JY1,2Z) — eV [X,Z]). 
Hence, if M is compact, prove that a Killing vector field is holomorphic. 


Hint: Express JLX, Y] and LX, JY] in local complex coordinates. Inciden- 
tally, one may then show that cor. 1, lemma 7.1.1 and its converse hold for 
complex manifolds, in general. 


2. If b,(M) = 0 prove that L, = K + JK, if and only if, 
Lie LP od AUT) + Le nd AT) 
where L? is the dual space of L,. 
3. If M has constant scalar curvature show that 
dim L, =2 dim K — dim K, 


where K, C K is the ideal determined by the elements of K* which are 
closed [58]. Indeed, 


Ki = fae A(T") | Dxya =0,X € Lh 
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It can be shown that 

(i) dim K <n? -+ 2n, 2n = dim M; hence, the maximum dimension attained 
by L, is 2(n? + 2n). 

(ii) The largest connected group of isometries of P, is SU(m +- 1); hence, 
for P,, (since dim SU(m + 1) = n? + 2n) 


dim L, —= 2(n? + 2n). 


4, Prove that there are no holomorphic vector fields on a compact Kaehler 
manifold with negative definite Ricci curvature. 

S. Nakano has shown that the hypothesis of negative definite Ricci curvature 
can be replaced by negative definite 18t Chern class [cf. § 6.14 and K. Kodaira- 
D. C. Spencer, On deformations of complex analytic structures I, Ann. 
Math. 67, 328-401 (1958)}. Moreover, the group of holomorphic transformations 
of a compact Kaehler manifold with negative definite 1°‘ Chern class 1s finite [S. 
Kobayashi, On the automorphism group of a certain class of algebraic manifolds, 


Tohoku Math. J. 11, 184-190 (1959)]. 


B. Almost hermitian metric 


1. Let 2 be an element of A2(T%) of maximal rank 2” (dim T = 2n) and h 
an inner product in 7p. Construct an inner product g which is hermitian relative 


to 92, that is 
g(JX,JY) = X,Y) 


for any X,Y ¢ Tpwhere J is the tensor of type (1,1) defined by 2 and h [56]. 
(As usual J denotes the linear transformation defined by the tensor J with 
components F4, = h4°F oy relative to a given base of Tp—the Fe, being the 
coefficients of $2). 
Proceed as follows: Define the inner product & in terms of h by 


R(X,Y) = AIX, JY). 
Next, compute the eigenvalues and eigenvectors of the matrix k = (k4p). 
Let X be an eigenvector corresponding to the eigenvalue A2(A > 0): 


RX = 2X, 
that is 
hap X8 = dMXA (kag = hACReg). 


Then, JX is also an eigenvector of A? and 
PX = — x, 


The linear operator (1/A)/ therefore defines a complex structure on the eigen- 
space of A?. Denote by A’, S, (p = 1, +, r) the eigenvalues and corresponding 
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eigenspaces of k of the kind prescribed. The vector space 7p then has the 
decomposition 


may Sp 


p=1 
—the S, being invariant by J and orthogonal in pairs. Hence, for p #0 
FA, = 0, Ap Be =0 
in terms of a basis of Tp defined by this decomposition. Moreover, 


Ray By =0 
and 


ka, Bp =A; ha, Bp» p= | or r, 
The required inner product g is given by 
BAp Be = O(p x e), 8A, Bo — Aha, Bp) Ap > 0, P= 1, ae 


C. Automorphisms 


1. For any infinitesimal automorphisms X and Y of an almost Kaehler manifold, 
[X,Y] is also an infinitesimal automorphism. 


2. Denote the covariant forms of X,Y and Z = [X,Y] by é, and {, respectively. 
Hence, show if the Lie algebra of infinitesimal automorphisms is abelian 


i(€ A 7)2 = const. 
Hint: 
Cl = dé A 7)Q. 


3. Show that an infinitesimal automorphism of an almost Kaehler manifold 
is not, in general, an infinitesimal isometry. 


D. A non-Kaehlerian hermitian manifold 
1. Consider the shell between the spheres (cf. example 6,§ 5.1). 
Sia P=1, Flat —2 


in C, and denote by M the manifold obtained by identifying points on the 
spheres lying on the same radial lines. Let G denote the properly discontinuous 
group of automorphisms of C,, — 0 consisting of the homothetic transformations 


(zt, =, 2") > (2kgl, +++, 2kan) 
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for each integer k. The compact manifold M is a fundamental domain for this 
group. Since the quotient space (C,, — 0)/G has a complex structure, M can 
be endowed with a natural real analytic structure. By showing that 5,(//) = 0, 
(2 > 1) prove that M is not Kaehlerian for 2 > 1. In fact, 


b=h =1, 
b,=0, 25p<2n—1, 
bony = bey, =. 


Note that 6, is odd whereas in a Kaehler manifold all odd dimensional betti 


numbers are even (cf. theorem 5.6.2). 
For a differential geometric characterization of a Hopf manifold see [98]. 


APPENDIX A 


DE RHAM’S THEOREMS 


The idea of the proof of the existence theorems of de Rham given 
below is due to A. Weil [7/], The method employed is due to Leray, 
namely, his theory of sheaves Without developing the general theory, 
a proof adapted to the object under consideration, namely, the de Rham 
sheaf, is given. 


A.1. The 1-dimensional case 


The existence theorems of de Rham are concerned with the periods 
of a closed differential form over the singular cycles of a compact 
differentiable manifold M. The periods are definite integrals. Let « be 
a closed 1-form and I’ a singular 1-cycle. We proceed to show how the 


period 
J 


is related to an indefinite integral. 

To this end, let &% = {U,} be a (countable open) covering of M by 
coordinate neighborhoods such that each U, corresponds to an open 
ball in R™. (We make a slight change in notation at this point so as to 
avoid confusion. In Chapters I and V Greek letters were generally 
employed as subscripts). Now, subdivide I" until each 1-simplex is 
contained in some U;. We may then represent I’ as a sum 


Pa F; 


where each I’, is a chain contained in some U,. Moreover, each boundary 
éI, is a Q-chain which may also be subdivided into parts each of which 
belongs to a U,,. It is important that each 0-simplex is assigned to a U;, 
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independently of the boundaries éI’; containing it. For example, let I be 
a closed curve and consider the diagram 


Then, it is easily seen that « has an integral in each U,. By the Poincaré 
lemma (cf. § A.6) « = df, in each U; for some function f, depending 
on «and U,, and so 


[=D Pod) — AP = Dhia - Pd 


since the first sum is cyclic. More precisely, since there may be more 
than one P; in a given U, 


[=X Ui (Pen) — fal Pl 


4 


=D) (fers — fe) (Pi) 


where k, is the index chosen such that U,, is the neighborhood for P;. 
Since df, = df,, in Uz, 0 Ux, s fe, — f,_, 18 constant on the inter- 
section. In this way, the integration has been reduced to the trivial case 
of integrating closed 0-forms (constants) over 0-chains (points). 

The same general idea prevails in higher dimensions, although the 
situation there is more involved. 


A.2. Cohomology 
The above considerations motivate the theory to be developed below. 


Indeed, we shall consider (local) forms and chains defined only in U, 
or U; 7 U, where again Y = {U,\ is any countable open covering of M. 
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The nerve of Y, dencted by N(%) is the simplicial complex whose 
vertices (0-simplexes) are the elements of @ and where any finite number 
of vertices span a simplex of N(@%), if and only if, they have a non-empty 
intersection. By a p-simplex o = A(iy, :-- 1) we mean an ordered finite set 
(t9, °*, 1,) of indices such that U, 9-0 U;, Al. [Ug 2, Uy are 
the vertices of a p-simplex go, their intersection Ugo +: 0 U, will 
occasionally be denoted by Nc. By hypothesis no ¥ [7]. 

For any open sets Uand V, U3 V, let pyp denote the restriction map 
on differential forms 


pov: A(U)—> AUV), g=O0, 1-0 


defined by 
puvla) =a|V, «ae AU). 


These maps have the following property: if U2V3W, then 
Puw = PrwPuv: 

A p-cochain of N( @) is a function f which assigns to each p-simplex a 
an elemert of an abelian group or vector space J(7c). In the sequel 
I(U) will be one of the following: 


(i) R: the real numbers, 
(ii) AY = AU): the space of g-forms over U, 
(iit) AZ = Ag(U): the space of closed g-forms over U. 


It is important that I is allowed to depend on the simplex. This 
generalizes the usual definition in which to each simplex an element 
of a fixed module or abelian group is assigned (cf. § 2.1). More precisely, 
(a) for every open set U there is a vector space I(U) and (b) if UD V, 
then pyy: T(U)— I(V). (The map I(U) + I(V) need not be a mono- 
morphism, that is an isomorphism into I(V)). The value f(t, -"', tp) = 
F(A(to: **) tp)) Of a p-cochain is an element of [(U; 0-4 U;,). 

If o = A(t, ***, t,), let the faces of o be the simplexes of = A(t, ---, t)-1, 
tyaay stp) J = 0,°", p. Then, Oo! 3 no and there is a homomorphism 


Pye t lO a) > I( 0 0) 


defined by the restriction map, that is p,i, f(o’) = f(o%)| no is an 
element of the vector space Ic). (In case f(o%) is a real number 
consider f(o/) as a constant function). 

If f and g are p-cochains of N(@) with values in the same abelian 
group Ia), then cochains f+ g and r-/f, re R are defined by 


(f + 8) (e) =f(e) + 8(2), (rf) (2) = (0), 


for each simplex o ¢ N(@). In this way, the p-cochains form a vector 
space cver the reals (cf. §2.1) which we denote by C?(N( @), I’). (No 
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confusion should arise between the I’ employed here and the one in 
§ 2.1 denoting a cycle.) The coboundary operator 6, (not to be confused 
with the operator 6 employed previously) assigning a cochain éf to 
each p-cochain f is defined by 


b= SE He. eae). 


i=0 
Thus 6: C°(N(%), DP) — C?+(N(&), PF); in fact, Sf can be different 
from zero only on the (p + I)-simplexes of M(%). It is easily checked 
that 88f=0. In the usual manner one may therefore define the 
p-dimensional cohomology group H*(N(%), I) as the quotient of 
Z°(N(&), [)--the p-cocycles by B?(N(%), [’)—the p-coboundaries: 
H(N(%),P) = 2(N(%),P YB N(%),L). 
In particular, if M is connected 
HN(4%),P°) = I(M) 
For, a 0-cochain f assigns to each U € Y an element ay of I(U). The 
condition 8f=0O requires that if f(V) =a,pelI(V), Ve, and 
UoV £€{, then 
Py.un Vey = Pu,un vou: 
Conversely, for any globally defined « (eA%(M)), a O-cochain satisfying 
df = 0 is given by defining f(U) = pyya, U € & (and f(c) = 0 for all 
other oe N(®%)). That the map I(M)— H™N(@), I) is a mono- 
morphism is left as an exercise. 

A 1-cochain is defined by f(U, V) = ayy e F(U OV). It is a cocycle 
if punvunvaw wy — Pwnvunvaw owt Pwnuunvaw ew = 29, 
typ, tyr twy ELT(UNV OW). If U = V = W, we conclude that 
ayy = 0 from which it follows that ayy = — ayy. The cocycle ayy is a 
coboundary, if it can be expressed as ay — ay. 

In the sequel, we shall write (8f)(c) = X(—1) f(o’) for simplicity. 

A covering ¥ = {V} of M is called a refinement of & if there is a map 

¢ V3 
defined by associating with each Ve aset Ue @suchthat Vc U. 
If o=(Vo,-", Vz) e NV), let do = (PVo, --, dV,). Then, do 2 Ne 
# (and ¢o is an element of N( @). Hence, there is (simplicial) map 
$:N(%)—> N(Q). 


This map in turn induces a map ¢ sending each cochain f « C?(N(%), I’) 
to a cochain ¢f e CXN(¥), I’) where for each o e N(V) 


$f (2) = Pc, S ($9). 
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The map ¢ is not unique. However, all such maps are contiguous and 
therefore induce the same homomorphisms (see below) 


$* + H?(N(W%),D°) > H*(N(%),D). 


Moreover, if W = {W} is a refinement of ¥, the combined homo- 
morphism 


H?(N(2%),0) > H?(N(%),P) —> HN(W),D) 
is equal to the direct homomorphism 
H>(N(%),D’) > H(.N(W),L) 


since a map N(W) > N(¥) > N(@) is contiguous to any direct map 
NW) > N(@). 

To show that ¢* depends only on the pair Y, WY we proceed as 
follows: Let ’ be another choice for ¢. For p = 0, the assertion is clear. 
For p = | let Af be the (p — 1)-cochain on ¥ defined by 


p-1 


Of) (Vos Vea) = (— DIEVa 0 6V is OV i BV a) 


t=0 
Then, 


Pp 


(A8f) (Vor 5 Vn) = (= VE (SOV, $V en 6 Vis $V 5) 


i=0 
= DY (HDG Va 8 Vib Vien 7 9V; OV OV) 
Osjstsp 
- "(HIRO SGV OV OV ss Via bVinrs 0s $V 9) 
Ostsisp 


and 
(SAf) (Vo, *, V5) -> (= TAD or) Visi Faas he) 


= hon! (= 17 f(¢’'Vo, ys $'V;, oY, wy Vi, OV igs, .F 5) 


- (DIAG V PV inv b View 1 OV 5 OV in GV 9): 


OSt<jsp 
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It follows that 


(Adf + BAF) Vor Vn) = By LP Vo PVi- OV is OV 5) 


OSiSp 
—f¢V,, We 'V;, bV 5415 ae $V ,)] 
= f($V 9, 5 6V a) — £(O'Vo, 1, $V). 


Hence, if f is a cocycle, df — ¢'f is a coboundary, that is d* = ’*. 

In the sequel we denote the homomorphism ¢* by ¢y,-. 

The set of all coverings of M is partially ordered by inclusion where 
V is contained in %, if and only if, YW is a refinement of &%. If W is a 
refinement of WY we shall write ¥~ < &. It is not difficult to show 
that any two coverings have a common refinement. 

Ifw<¥v¥ < Y&, it is readily shown that 


baw = byw bay 
The direct limits 
HP(M,P) = lig H>(N(%),D) 


of the groups H?(M(%), I’), p = 0,1," are defined in the following way: 
Two elements h, ¢ H?(N(%;), I’), 1 = 1,2 are said to be equivalent if 
there exists an element h, ¢ H?(N(@;), I’) with YW < W;,1 = 1,2 such 
that h; = dy, a, hy, t = 1,2; the direct limit is the set of these equivalence 
classes. 

The sum of two cohomology classes of H®(M, I’) is defined as follows: 
If h; « H?(N(&,), £'),¢ = 1,2 are the elements to be added, we first find 
a common refinement @, of @, and @&, and then form the element 
du, uv, + $x, x, %2 Multiplication by elements of R is clear. An 
element A ¢ H?(N(@%), I’) represents the zero cohomology class, if and 
only if, there is a ¥ < W such that ¢dyy h = 0. We may therefore 
conclude that H?(M, I) is a vector space for each p = 0,1, °°. 

Finally, a cochain f will be called a finite cochain if there exists a com- 
pact set S such that f(z, -, 7,) = O whenever U; N= NU; AOS = (2. 
One may construct a cohomology theory in terms of finite cochains. 


A.3. Homology 
In this section we develop a theory dual to that of § A.2. Indeed, we 


associate as in the previous section with every open set U ¢ W a vector 
space which is again denoted by I(U) (see (i)-(iii) below). Our first 
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distinction now arises, namely, if VC U, then pyy: [(V)—> FU), 
that is I'(V) is identified with a subspace of I(U). (As before, the 
map I(V)— I(U) need not be a monomorphism). 

By a p-chain g is meant a formal sum 


B= Dy alion stp) Adon **s tp), B(ds fp) ET(U, OV OV U) 
(4} 


where A(ip, “+, 7,) is a p-simplex on N( %) and (7) implies summation on 
(i, **", tp). Whereas the values of a p-cochain are in I(U;, NO U;), 
the coefficients of a p-chain lie in T(U,;, 0: 0 U;,,). In the applications 
I will be either 

(i) R: the real numbers, 

(ii) S,(U): the space of finite singular chains (cf. § 2.2) with support in 
U, or 

(iii) S¢(U): the subspace of finite singular cycles. 

A boundary operator @ mapping p-chains into (p — 1)-chains is 
defined on p-simplexes as follows: 


Has, HEE eae ea 


k=0 


and on p-chains by linear extension, that is 
og = Zg(io, "**; tp) 2[ AC, "**, ty). 


(In order to simplify notation we have written g(t, --,7,) for the 
corresponding images p.. g(i, °", i,)). Denoting the coefficients of 
og by (22)(Jo my Jona) we obtain 


PB 
(ag) (jos *yJp-1) =>, > (- 1)* g( jo, “ Dkow 1 dio "yJp-1) 
1 


k=0 


where 7 runs over all indices for which the corresponding intersection 
is not empty. In order that this sum be finite it is assumed that the 
covering Y of M is locally finite, that is every point of M has a neighbor- 
hood meetingsonly a finite number of U, « Y (cf. §§ A.10-11). 

It is easily checked that 22g = 0. One may then define the p-dimensional 
homology group H,(N(%), I’) as the quotient of Z,(N(@%), I’)—the 
p-cycles by B,(N(%), I)—the p-boundaries: 


H,(N(%),P°) = Z,(N(%),PYBo(N( WP). 
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Let Y = {V} bea refinement of %. Then, as in the previous section 
there is a map ¢: ¥ — W@W defined by associating with each V « ¥ a set 
Ue & such that V C U. To a p-chain g on Y one may then assign 
a chain dg on © as follows: 


¢: pa R(to, ™y ty) A(t, uy 45) = Lg(tos aaa t,) A(P(t); “,P(tp)), (dy) = $(V,). 


Evidently, cycles are mapped into cycles and boundaries into boundaries. 
Hence, ¢ induces a homomorphism 


$x? H(N(1),L) > H(N(®),P). 


As before, this homomorphism does not depend on ¢ but rather on the 
pair ¥, Wand so, we denote ¢, by ¢y%. Moreover, if W<¥ < &, 
it is easily checked that dye = dye *dyy. The inverse limits 


H,(M,I’) = lim H,(N(%),l’) 
e 


of the groups H,(N(%), I’), p= 0,1," are defined as follows: Two 
elements hk, ¢ H,(N(@%,), P’), « = 1,2 are equivalent if there exists an 
element hg ¢ H,(N(%3), I’) with &@ < &%, i= 1,2 such that hy = 
dy, w, Mg)? = 1,2; the inverse limit is the set of these equivalence classes. 
With the obvious definitions of addition and scalar multiplicatior: 
H,(M, I) is a vector space for each p = 0,1, °-. 


A.4. The groups H?(M, A?) 


It is now shown that in the cases [= A%, g=0,l, °, the 
cohomology groups H?(M, /A%) vanish for all » >0 provided M is 
compact (see remarks at end of § A.10 as well as at the end of this 
appendix). By the definition of the direct limit, it is sufficient to show that 
every covering &% has a refinement ¥ such that H»(M(¥%), A?) = {0} 
for all g, and p > 0. 

A refinement ¥ of Wis called a strong refinement if each V (the 
closure of V’) is compact and contained in some U. In this case, we write 
WV << U, and for a pair V, U(¢: V > U) we write V EU. 


Lemma A.4.1. For a compact differentiable manifold M, 
HM, A%) = {0} 


for all p > 0 and g=0,1,°°. 
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Let ¥ be a locally finite strong refinement of the open covering YW 
of M and {e,} a partition of unity subordinated to Y (cf. Appendix D). 
For an element f ¢ C?(N(¥), A®%) let f; = ef. Then, df; = (8f),, 
and so if f is a cocycle, so is e,f. 

Let f be a p-cocycle, p > 0. By definition, f = Xf; is a locally finite 
sum. We shall prove that each cocycle f; is a coboundary, that is f; = dg; 
where g(Vo, °°, Vp_1) = 0 if Vp V+ 0 V,_, does not intersect V,. This 
being the case, g = Lg, is well-defined and f = Lf, = 2 dg, = Sg. 

To this end, consider a fixed 7 and put 


Bi(Von 5) Vo) =f Vis Vos **) Vo-1) 
if V; \Vyo- OV,-, # LT and g; = 0, otherwise. In the first case, 
(88:)(Vor ss Va) = B(— IS GV in Vor) Views Views 0) Vo) 
Since f; is a cocycle, 


0 = (S6)(V5, Von V;,) = fi(Vo, a) V>) _ x(— It fiYs, Voy Vii 
Viaw wy V,). 
Hence, f; = 6g}. 


In the second case, since V; AVg Ns OV, = Ofj(Vo, Vp) = 0. 
But 6g; also vanishes; for, in 


(d2;)(Vo, uty V,) = x(— I)'g(Vo, oes Vie Vas my V3) 


each term on the right is either zero, by the definition of g,, or else it is 
the restriction of f,(V;, Vo, +, Via Visa, 1, Vp) tothe set Vg NV, 
and, since e; vanishes outside of V,, the value is again zero. 

We conclude that f; = 6g; in all cases, and so by the above remark, 
the proof is complete. 


A.5. The groups H,(M, S,) 


Since the groups H,(M, S,) are in a certain sense dual to the groups 
H?(M, A®, it is to be expected by the result of the previous section 
that they also vanish for p > 0. It is the purpose of this section to show 
that this is actually the case. To this end, it is obviously sufficient to 
show that for any open covering WY of M and geZ,(¥,S,), g is a 
boundary. 
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Lemma A.5.1. For a differentiable manifold M, 
AMS, = {0} 


for all p >0 and q=0,l,.... Moreover, in order that a Q-chain be a 
boundary, it is necessary and sufficient that the sum of its coefficients be zero. 
Consider all singular g-simplexes. Divide these simplexes into classes 
so that all those simplexes in the j" class are contained in Uj. (This can, 
of course, be done in many ways). For each cycle g construct a singular 
chain g; by deleting those singular simplexes not in the j® class. That 
&g; is a cycle follows from the fact that (g;) = (4g); (the cancellations 
occurring in 8g(= 0) occur amongst those simplexes in the same class). 
Since g = Lg; it suffices to show that each g,; is a boundary. For 
simplicity, we take j = 0. Define a (p + 1)-chain A as follows: 


&o(t Pay i541) if to =0 
0 if i, + 0, 


A(to, wy 1541) = 
that is, 


A =D) welts **s ipyr) 4(0, 4, °° tp aa) 
({t) 


Now, since 


Bh =D) Bolts +s par) A das ***s tps) 
(i) 


p+ 
=F, > > (= 1)* 8ol(41, ™y 1541) A(0, t,, wy 1) ted fy 4541) 


{t) kml 


and 


0 = = (= UDF Boltas ston) S(t 18 teas Eegas °%s Poa) 
(i) k=l 


where gy = Lei) Boltas “5 tp 41) A(tas “s Ep 41) Bo = Oh, For by comparing 
the expression for dg, with the last sum in 0h, we see that (except for 
notation) they are identical. We conclude that each g, is a boundary, 
and so g is a boundary. 
For p = 0, 
h = Xg(t) (0, #), 
and thus 


oh = Lego?) A) — Lgo(z) 4(0). 
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The condition ag, = 0 gives no information in this case. Hence, in 
order that gy) be a boundary, it is necessary that X go(j) vanish. On the 
other hand, if 2 g(z) vanishes so does 2 g,(z). Therefore, a O-chain is a 
boundary, if and only if, the sum of its coefficients is zero. 

The above argument is based on the so-called cone construction. 


A.6. Poincaré’s lemma 


It is not true, in general, that a closed form is exact. However, an 
exact form is closed. A partial converse is true. For a p-form, p > 0 
this is the 


Poincaré lemma. On a starshaped region (open ball) 4 in R® every 
closed p-form (p > 0) ts exact. 
To establish this result we define a homotopy operator 
1: A%(4)—+ APA), p> 0 
with the property that 
dIa + Idx = « 


for any p-form « defined in a neighborhood of 4. Hence, if a is closed 
in 4, then Idx = 0 and a = df, where B = Ia. 

Let uw}, ---, u” be a coordinate system at P ¢ 4 (where P is assumed 
to be at the origin). Denote by tu the vector with components 
(tul, --, tu"), 0 St S 1. Then, for a = ay 4) (u)du*s A + A du's, put 


Io a= 1) [ 1P-lay, 4 y(tu)dt- 
k=1 


suteduts A A dutei A, duteti A... A duts, 
Thus, : 
dla = ‘ IP Naa, .igy(tu)dt-duh + \ du‘y 
0 


Dp n 
-- Day (— Vaal po Mint) wit >” (tu)dt-uiedul \ dubs A+ A fits Av A du's. 


k=1 jel 


On the other hand, 


Idx = > Ble ae Tit) Cry dtuldulr Ao» A dus 
j=l 


n PD. 
— > > (— nef po OM info) ” (tu)dt- uledul A dutr A (\ als Avr A dls, 


j=l kel 
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Hence, 


1 
dla + Idx = [p| tP las, ig (tu)dt 
0 


Rol Oy; 
+ wy | tP a! ” (tu)dt}dui 1A A dts 
0 


1g . 
= | Fo [thas (te) dt duhs A A dus 
0 
= AG, ay(udu A A dute 
= a 


provided that p > 0. 


A.7. Singular homology of a starshaped region in R” 


In analogy with the previous section it is shown next that the singular 
homology groups H,(4), p > Oof a starshaped region in R” are trivial. 

Let us recall that by a singular p-simplex s? = [f: Po, --, P,] we mean 
an Euclidean simplex (Po, ---, P,,) together with a map / of class | defined 
on A(Po, «:, P,)—the convex hull of (Pp, --:, P,). Now, f can be extended 
to the Euclidean (p + 1)-simplex (O, Po, -, P,) by setting 


FrpPy te + 1yPo) = (to + Hy) pede etsy 


and 
f(O) =0. 


Analogous to the map J of § A.6 we define the map P by 


Ps? = py (ay ), +, O, Py, , Py}. 
aor 
Then, 
aPs? = +s I [f: 0, O, Pi, Py] 
i=0 j=0 ¢ 
“ >>> (— Di Lf: oS 5 PP oP) 


t=0 jai 
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On the other hand, from 


Dp 
a = (1 UF 2 Pn os Py gs Pine Pel 


j=0 
we obtain 
p jn} 
Pas? ps (F266 ee Pei Pee Po 
j=l i=0 A 
D Dp 
oe Ds > (— 141 (f:O, +, O, Py, Pol. 
j=0 t=74+1 t 
Hence, 


D Pp 
Pas? + OP? = Di (f: 0,0, Py, Py] — Df: 0,5, O, Parts Pol 
t t=0 


7=0 t t+1 


= [f: Pos Po] — [f: 0, O] 


p+ 
= 5? —[f: O,-, O]. 
pti 
Now, put 
Pys?' = [f 2 0, +0]. 
p+2 
Then, ‘ 
(O,p even 
éPys? = «[f:O,-,O], «p= 
P rr a He odd 
and 


Py ds? = €p+t [f: Ose, 0}. 
“pr 
Hence, since €, + €)4, = | 


OP,” + Pas” =(f: 0, ~, O], 


— 


pti 
from which 
aPs? + Pés? == 5? 


where we have put P = P + Py. 
That any cycle is a boundary now follows by linearity. 
Again, the above argument is based on the cone construction. 
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A.8. Inner products 


The results of §§ A.2 and A.3 are now combined by defining an inner 
product of a cochain f ¢ C?(N(%),A% and a chain g ¢ C,(M(@),S,) 
as the integral of f over g. More precisely, the values f (z, --:, 7,) are 
g-forms over Uy 4 «-- O U, whereas the values of g are singular g-chains 
in Uy: 0 U,. We define 


(Fay “5 i5)s ios is)) = fF (A.8.1) 


and 


(Ag) = py (Flos "5 te)» 820» ***» tp) (A.8.2) 


where the sum is extended over all p-simplexes on M( @). 

The notation f,f is an abbreviation. To be more precise the form 
f (to, 11 tp) and chain g(ip, --,7,) should be written rather than the 
variables f and g. 

Either f or g is assumed to be finite, In this case, the sum is finite. 
The elements f ¢ C?(N(%), A%) and geC,(N(%), S,) are said to be 
of type (p, 4). 


Lemma A.8.1. For elements f ¢ C?(N(@&), A®) and g € Cy4,(N(%), S,) 


To begin with, since the bracket is linear in each variable we may 
assume that g = 2(0,°-,p + 1)4(0, --, p + 1). Then, 


G6 =(-V ffi Lith pth) 
g(0, 


a vee DH1) 


= (f, a) 
since (g)(0,-,i—1,¢?+1,-,p+ 1) = (— 1)'2,°,p +1). 


We denote once more by d the operator on the cochain groups 
CP(N( &), A%) defined as follows: 


d: CXN(%), A%) > CXN(X), A) 


where to an element f « C?(N(@%), A%) we associate the element df 
whose values are obtained by applying the differential operator d to the 
forms f(t, **, t) €, A(U;, A OU; ). Evidently, dd = 0. 

An operator 


Ds C,(N(%),Sq) + Cp(N(%),Sq-1) 
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is defined in analogy as follows: D is the operator replacing each 
coefficient of an element g « C,(N(%), S,) by its boundary. Clearly, 
DD = 0. 


Lemma A.8.2. For elements f « C?(N(&), A®) and g « C,(N(%), So41) 
(f,Dg) = (df.g). 


This is essentially another form of Stokes’ theorem. 
The following commutativity relations are clear: 


Lemma A.8.3. 6d = dd and 0D = Da. 


In §A.1 the problem of computing the period of a closed !-form 
over a singular |-cycle was considered—the resulting computation being 
reduced to the ‘trivial’ problem of integrating a closed 0-form over a 
0-chain. The problem of computing the period of a closed g-form « 
(with compact carrier) over a singular g-cycle I’ is now considered. 

In the first place, as in § A.1, by passing to a barycentric subdivision 
we may write [= XT; with I; contained in U;. If a; denotes the 
restriction of a to U; and fy the 0-cochain whose values are a,, that is, 
fo( U;) = «,, then, if we denote by gy the chain whose coefficients are I’,, 


J = (fo,8o) 


—the independence of the subdivision being left as an exercise. (Since 
more than one J’; may be contained in a single U,; choose one U;, to 


contain each I. Then, go(U,) = 24,4 Ij). 


A.9. De Rham’s isomorphism theorem for simple coverings 


Before establishing this result in its most general form we first prove 
it for a rather restricted type of covering. Indeed, a covering & of M 
is said to be stmple if, (a) it is strongly locally finite (cf. § A.4) and 
(b) every non-empty intersection Uy: 7 U, of open sets of the 
covering is homeomorphic with a starshaped region in R”. It can be 
shown that such coverings exist. For, every point of M has a convex 
Riemannian normal coordinate neighborhood U, that is, for every P, 
QeU there is a unique geodesic segment in U connecting P and 
Q [23]. Clearly, the intersection of such neighborhoods is starlike with 
respect to the Riemannian normal coordinate system at any point 
of the intersection. The neighborhoods U may also be taken with 
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compact closure. Now, for every V « W we can take a finite covering 
of P by such convex U, say Uy,, ; Uy.»,. Then, the collection of all 
{U,,|VeW%, i=1,--, py} is a simple covering of M_ provided 
(a) & is a strong refinement of a strong locally finite covering W such 
that the U,, refine W strongly, that is, for 7 CV e Y, the neighbor- 
hoods Uy,, «:, Uy,», are all contained in V and (b) only finitely many 
Vew are patines « in a given Ve &. From the above conditions 
it follows that {U;,,} is a locally finite covering. 

Now, let fo ¢ Z°(N(%), A8), 8 © Co(M(®%), S,) and consider the 
systems of equations 


fh=%h, Dgy = @g, 

df, = df, Dg, = 

&f, = df, Dgy = Of (A.9.1) 
Sfo-1 — df, Dgy-1 = Of g. 


Clearly, f,, 1 = 1, 2, '-- is of type (¢ — 1, g — 1) and g; is of type (z, g —1). 
In the event there exist cochains f, and chains g, satisfying these relations 
it follows that 


(forBo) = (41,80) = (fixe) = (/1,281) 
= leo = ee = Oats) = Geey 


I 


(Sf.- ee i, ire = Dees) — Sa, a4) 
= (8fa84)- 


Whereas fy and g, are of type (0, q), 5f, and g, are of type (g, 0). Since 
ddf, = ddf, = 88f,_, = 0, the coefficients of 5f, are constants. It follows 
that Sf, may be identified with a cocycle 2% with constant coefficients. 

For a chain of type (p, 0) let D, be the operator denoting addition of 
the coefficients in each singular 0-chain. Evidently, @Dy = D)@ and 
D,D = 0. Thus, since ég, = Dg,-,, @Dog, vanishes, that is Dog, is a 
cycle €,. We conclude that 

(SoBe) = (2%, ba) 
(cf. formula A.8.2), that is 
[ ==@,%) 
r 

(cf. § A.1). The problem of computing the period of a closed g-form 
over a g-cycle has once again been reduced to that of integrating a 
closed 0-form over a 0-chain. 
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That the f; exist follows from Poincarés lemma and the fact that from 
the equations (A.9.1), déf, = ddf, = 5éf,_. = 0,7 = 1, +, q. For, since 
fy is closed, there exists a (g — 1)-form f, such that fy = df,; since 8f, 
is closed, there exists a (g — 2)-form f, such that 6f, = df,, etc. To be 
precise, suppose that f,, -, f; exist satisfying ddf, = 0, k= 1,--,2. 
Then, since d8f;, = ddf, = 0, the equation df, = df;,, has a solution 
satisfying édf,,, = 0. 

The dual argument shows that chains g; ¢ C,N(%),S,_;) exist 
satisfying the system (A.9.1). That this argument works follows from 
property (b) of a simple covering and the fact that the homology of a 
ball (starshaped region in R") is trivial, as well as the equations 6Dg; = 0. 

Now, suppose that a cocycle 2% (of type (q, 0) with constant coefficients) 
and a cycle ¢, (of type (g,0)) are given. Since Y is strongly locally 
finite, it is known from § A.4 that H%N(@%), A°) vanishes. This being 
the case, there is an f, such that 27 = 6f,. Hence, since 2? has constant 
coefficients déf, must vanish. Since the operators d and 6 commute 
(cf. lemma A.8.3) and the cohomology groups are trivial, the existence 
of an fj, with df, = df,-, is assured. In this manner, fo-2, °°, fi 
are defined—the condition df, = 0 implying that fy = df, is a co- 
cycle. Hence, f, determines a closed g-form. In a similar manner a 
& €C(N(%), Sj) can be constructed from ¢. 

We have shown that cochains f;, of type (¢ — 1, g — 2) exist satisfying 
the system of equations (A.9.1). Now, set 


A; = {fi | asf; = 0}, 
X= {fi | df, = 0}, 


and 
Y= {hi | §f, = O}. 


The values of f, on the nerve of WY are (g — z)-forms. The set X, consists 
of all such closed (g — )-forms. 

The operator d maps the spaces A;, Y,; and X, homomorphically 
onto Z-(N(%), Ag+), BCWN(®), Ad *+!) and {0}, respectively, 
2<isq. For A,, this follows from the Poincaré lemma _ since 
q—t+1>0. Now, for an element f; « Y;, 5f; = 0. Hence, since the 
cohomology is trivial for z > 1, there exists an f’ such that f, = 6f’ 
from which df, = déf' = df’, that is df, « BY-UN(®), At). To 
show that d is onto, let f’ be an element of B‘-'(N( %), A2-*+1). Then, 
J’ = 6f, for some f, e C’-N( %), A%-*) from which, since g —7+ 1>0, 
by the Poincaré lemma, f,; = df’'. It follows that f’ = ddf’’ = déf’’, and 
so since 8f’’ € Y,, d is onto. 
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The following isomorphisms are a consequence of the previous 
paragraph: 
AX, = Z-(N(%), AT), 


(Xi + YiY/Xi x Vi/X,n Y= BUN(®), AT). 


We therefore conclude that 


AX; + ¥; ~ HXN(®), At). (A.9.2) 


A similar discussion shows that the operator 6 maps 4,, X,, and Y, 
onto Z(N(%), A$*), BUN(®), Ad) and {0}, respectively for 
1 <1<q-— 1 from which, as before, we conclude that 


AX, + Y,;a: H(N(®), AS). 


Consider now the following diagram: 


AX, peg = Ad] Xo fe Vg ea Agy/Xq-1 Vea A,/X, ar Y, 


eA 


Do=AYNG HYN(%), A") HeN(%), AQ) HXN(%),R) 


We show that d: A,/X,+ Y, > DYand 6: 4,/X,+ Y, > HYN(®), R) 
are isomorphisms onto. Indeed, d sends f, € A, into df, e ZN(%), Ad), 
and so may be identified with a closed g-form «. Since the elements 
of X, are mapped into 0 we need only consider the effect of d on Yj. 
Let y be an element of Y,. Then, since dy = 0, dy represents an exact 
form. On the other hand, a closed g-form may be represented as df, 
and an exact form as dy with 6y = 0. This establishes the first iso- 
morphism. To prove the second isomorphism, let f, be an element of A,. 
Then, since déf, = 0, Sf, has constant coefficients and must therefore 
belong to Z%N(%), R). Since Y, is annihilated by 5 we need only 
consider the effect of 6 on X,. But an element x ¢ X, has constant 
coefficients, and so 6x « BY N(%), R). 

From the complete sequence of isomorphisms, it follows that 


Dt ~ H{N(%),R). 
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It is now shown by means of the dual argument that the singular 
homology groups are dual to the groups H%N(%), R). 

We have shown that chains g, of type (2, g — 7) exist satisfying the 
system of equations (A.9.1). Now, set 


xX; oa {gi | Dg; = 0} 
and 


Y= {gi | ag; = O}. 


The values of g; on N( %) are (q — #)-singular chains. The set X; consists 
of all such (g —- z)-singular cycles. 

The operator D maps the spaces A;, X; and Y; homomorphically 
onto Z,(N(%), S5_:-1), {0} and B{M(Y%), Sj_i-1), respectively whereas 
é is a homomorphism onto 2Z;_,(N(%), S$), Bys(N(%), Sj-,) and 
{0}, respectively provided that the indices never vanish. This leads to 
the diagram 


AX, + Vy os AYXa + Va we oe Aol Xpia + Vila 22 Ana Xba + Vins 
H(N(%),S7-2) Hy_ofN(%),S}). 

Let @ be the operator denoting addition of the coefficients of each 

chain in C,(N(@), S,); denote by Zy the space annihilated by @) and 


put Ho = Zo/By. Then, the diagram can be completed on the left 
in the following way 


Ay/Xo + Yo Ai/X; i Y; 
a/ D a / 


SYSy ool N( dss.) 


For, @ maps the spaces 4g, Xj, and Y, homomorphically onto Sj, 
S? and {0}, respectively. 
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On the right, we have the diagram 


Ay ae ape Yo 4 = AJX_ + a 


Ai,_,(N(%),So) H{N(@),R) 


Recall that Dy is the operator denoting addition of the coefficients in 
each singular chain. It maps the spaces 4), Y, and X; homomorphically 
onto Z24(N(%), R), BYN(%), R) and {0}, respectively. 

From the complete sequence of isomorphisms we are therefore able 
to conclude that 


Sq)Sq = HA{N(®),R). 


A.10. De Rham’s isomorphism theorem 


The results of the previous section hold for simple coverings. That 
they hold for any covering is a consequence of the following 


Lemma A.10.1. For any covering UY = {U;,} of a differentiable manifold 
M there exists a covering W = {W;} by means of coordinate neighborhoods 
with the properties (2) W < Y and (b) there exists a map ¢: W,— U; 
such that W,, 0 OW, ALE implies W, OW CU, oe OU, 

To begin with, there exist locally finite coverings ¥ and a such 
that’ < &Y' < &. Hence, for any point P € M, there is a ball W(P) 
around P such that 

(i) Pe U' implies W(P) CU’, 

(ii) Pe V implies W(P) C V, 

(iii) P¢ V implies WP) PV =O. 

For, since P belongs to only a finite number of U’ and JV, (i) and 
(ii) are satisfied. That (iii) is satisfied is seen as follows: Let Pe Vye ¥. 
Then, either 7? 1 V, = [J or V OV, # CC. In the first case, (iii) is 
obviously fulfilled. As for the latter case, since ¥ is locally finite there 
are only a finite number of sets V meeting V,, and so by choosing 
W(P) sufficiently small (iii) may be satisfied. 

Let W, = W(P,) be a covering of M by coordinate neighborhoods. 
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Then, there is an open set V; with P; e V; and, by (ii) W, CV; € U; 
Cc U;. Hence, property (a) is satisfied. That property (b) is fulfilled is 
seen as follows: Suppose that W,. W; # (4; then, W, 7 es # (7). 
Hence, by (iii) P; eV, C Uj, and so by (i) W,; C U; C U,. By sym- 
metry we conclude that W,;U W; CU; U; and (b) follows. 

We are now in a position to complete the proof of de Rham’s 
isomorphism theorem. To this end, let A, be the direct limit of the 
A, = Aj @) and X,, ¥, the corresponding direct limits. The proof is 


completed by showing that 


A|X,+V, = HOUN(®), At) 


for any open covering Y of M thereby proving that the isomorphisms 
(A.9.2) are independent of the given covering. The above isomorphism 
follows directly from two lemmas which we now establish. 


Lemma A.10.2. The maps d and & induce homomorphisms 
d: A,» Hi-\N(Q%), AZ **), 
§: A; H(N(Y), At). 


Moreover, these maps are epimorphisms (homomorphisms onto). 

Indeed, for any f, « A, %), df, and Sf, are defined as the cohomology 
classes of df, and df,, respectively. That they are well-defined is clear 
from the notion of direct limit. We must show that both d and § are 
onto. For d, let z be an element of Z'-"(N(@), A%-*+1) and W be a 
refinement of Y as in lemma A.10.1:¢: W;— U,; then, the values of 
$*z are defined on Wyn «A W,_, C Uy and may be extended to W,. 
By the Poincaré lemma, $*2 is exact, that is there isa ye C™4N(W), At) 
for which ¢*z = dy on W, and consequently in Wy n° 0 W,_,. 
That § is onto is clear. For, since the cohomology is trivial, any 
zeZi(N(&), Ag) is of the form dy, y « C-\(N(%), Ae“). The 
element y represents an element of 4,. 


Lemma A.10.3. ; 
kernel d = kernel § = X,+-Y;,. 


The images of x,(U) + y,(U) under d and & are the cohomology 
classes of dy,(U) and 8x,(U), respectively (cf. §A.9). The lemma is 
therefore trivial for d. Now, as in the proof of the previous lemma, 
there is a refinement W of & such that dx,( Y%) =: dz(W). Hence dx,(U) 


A.11. DE RHAM’S EXISTENCE THEOREMS 291 


is equivalent to édz(W) = diz(W), that is to an element which is 
cohomologous to zero. 

We show finally that the kernels are precisely X, + Y,. To this end, 
let dz(Y) represent {0}. Then, fora suitable refinement %, gdz = du where 
du = 0. For a further refinement ¢, du = dv by the Poincaré lemma. 
Hence, d(fiyiz — 5v) = ddz — ddv = $du — ddv = 86u — Sdv =0, 
and so, since ¢pz = (giz ~ Sv) + Sv, z is an element of X, + F;. 

Analogous reasoning applies to the map 8. 


Remarks: |. De Rham’s isomorphism theorem has been established for 
compact spaces. That it holds for paracompact manifolds, that is, a 
manifold for which every open covering has a locally finite open refine- 
ment, is left as an exercise. Indeed, it can be shown that every covering 
of a paracompact space has a locally finite strong refinement. 

2. The isomorphism theorem extends to the cohomology rings 
(cf. Appendix B). 


A.11. De Rham’s existence theorems 


We recall these statements referred to as (R,) and (R,) in §2.11. 

(Ri) Let {U3} (¢ = 1, +, b,(M)) be a basis for the singular q-cycles 
of a compact differentiable manifold M and w,(i = 1, ---, 5,(M)), }, 
arbitrary real constants. Then there exists a closed g-form « on M 
having the w; as periods. 

(R,) <A closed form with zero periods is exact. 

Proof of (R,). Due to the isomorphism theorem, (R,) need only be 
established for the cycles and cocycles (with real coefficients) on the 
nerve of a given covering %. 

Let LZ be a linear functional on Z,(N(%), R) (the singular g-cycles) 
which vanishes on B,(N(%), R) (the singular boundaries). L may be 
extended to C,(N(%), R) in the following way: Let &, be a basis of the 
vector space C,(N(%), R)/Z,(N(%),R). Then, every € ¢ C(N(%), R) has 
a unique representation in the form 


f= =frné+6 CeZ(N(®),R) 1 ER; 


We extend L to C,(N(%), R) by putting L(é) = L(2). 

Now, there is a (unique) cochain x ¢ C(N(@&), R) such that (x, &) = 
L(€), namely, the cochain whose values are L(A(%, +, 1,)). It remains 
to be shown that x is a cocycle. Indeed, 


(dx, €) = (x, 68) = L(g) = 0 
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since L vanishes on the boundaries. Thus, since é is an arbitrary chain 
5x vanishes. 

Proof of (R,). Suppose that (x, 0&) = 0 for all € ¢C,,,(N(%), R). 
We wish to show that x is a coboundary. To this end, let L be the linear 
functional on B,_,(N(@), R) defined by 


L(y) = (x, )- (A.11.1) 


Since @y = dn’ implies (x, 7) = (x, 7’), L is well defined. Now, extend 
L to C,_,(N(@%), R) and determine y by the condition 


(y, €) = L(é). (A.11.2) 
Then, 


(x ne dy, 7) = (~, 9) — (8y, 0) 
= (x, 9) —(y, én) = 0 


by (A.11.1) and (A.11.2). Since this holds for all y, x — éy vanishes 
and x is a coboundary. 


Remarks: |. The cohomology theory defined in §A.2 is a straightforward 
generalization of the classical Cech definition of cohomology. The idea 
of cohomology with ‘coefficients’ in a sheaf I" is due to Leray and is a 
generalization of Steenrod’s cohomology with ‘local coefficients’. 

2. It can be shown that a topological manifold is paracompact. In fact, 
there exists a locally finite strong refinement of every covering (cf. 
Appendix D). Hence, by the remark at the end of §A.10, de Rham’s 
isomorphism theorem is valid for differentiable manifolds. The existence 
theorems, however, require compactness. 

3. There are at least two distinct cohomology theories on a manifold. 
The de Rham cohomology is defined on the graded algebra A[M] of all 
differential forms of class 1 on M. On the other hand, cohomology 
theories may be defined on A,[]—the graded algebra consisting of 
those forms of class k (> 1), and on A,[M]—the graded algebra of 
forms with compact carriers. If M = R”, Poincaré’s lemma for forms 
with compact carriers asserts that a closed p-form (with compact carrier) 
is the differential of a (p — 1)-form with compact carrier if p <n — 1, 
and an n-form a is the differential of an (m — 1)-form with compact 
carrier if, and only if, (a, 1) = 0. Hence, 5,(A,[R"]) = 0, p Sn — 1, 
and 6,(A,[R"]) # 0. But, b(A[R”]) = 1 and, from §A.6, for p > 0, 
by(A[R")) = 0. 

De Rham’s theorem states that there are precisely two cohomology 
theories, namely, those on A[M] and A,[M]. Moreover, if M is compact, 
there is only one. 


APPENDIX B 


THE CUP PRODUCT 


For a compact manifold M, we have seen that each element of the 
singular homology group SH, acts as a linear functional on the de 
Rham cohomology group D?(M), and that each element of D?(M) 
may be considered as a linear functional on SH,. In fact, the cor- 
respondences 

SH, — (D(M))* 
and 
DM) — (SH,)* = HM) 


(where ( )* denotes the dual space of ( )) are isomorphisms. In this 
appendix we should like to show how the second map may be extended 
to the cohomology ring structures. To this end, a product is defined 
in (SH,)*. 


B.1. The cup product 


Let «and £ be closed p- and qg-forms, corresponding to the cohomology 
classes z, and 2, respectively. Let f, and f, be representative p- and 
q-cocycles. We shall show that a A @ corresponds to the cohomology 
class 2,,, defined by the (p + q)-cocycle f, ,, where 

Sans (Uo; ty Up+a) =f, (Up, oe Un) fh Ups og U sa): (B.1.1) 
The product so defined will henceforth be denoted by f, U fs and called 
the cup product of f, and fy. 


Lemma B.1.1. The operator & is an anti-derivation : 


8(f. US) = Ufa + (— I'he Y ofp. 
293 
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Indeed, for a given covering Y= {U,} 


(hina) Uae? Ussea) = >= hina Uo Una Ura: Upiens) 


= 
p+l1 

= (Ey. Car U eg Uae Oh Une: U aaa) 
r=) 
p+¢etl1 


oF Dy (= 1)"f,(Uo, a) U,s)fa( Up, eT ay Usa vy Usse041) 


= (8fe)(Uos 1 Unsafe Usa *» Uo+as1) 
+ (= 1Pfa(Uos + Us) 8fe)(U 5» "1 Up+a+1) 
= (Sf, US) (Yor os Ussans) + (— 1a Y fs) (Yo) Unset) 
Corollary. 


cocycle U cocycle = cocycle, 
cocycle w coboundary = coboundary, 
coboundary U cocycle = coboundary. 


The cup product is thus defined for cohomology classes and gives 
a pairing of the cohomology groups H?(N(@), R) and H%N(%), R) 
to the cohomology group H?+%N(%), R). 
Lemma 8.1.2. The cup product has the anti-commutativity property 
fug=(—D%guf, fe H™(N(%),R), g ¢ HAN(%),R). 


This is clear from the formula (B.1.1). 


B.2. The ring isomorphism 


As in §A.9, let fo ¢ Z(N(%), A?), fo ¢ Z°(N(%), AZ) and consider 
the relations 


h=h fo =a4fy 


Sf; = df, Sf = te 


Sri = F, Sfr- = Oe 
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Assume that fo, fo have the values « and §, respectively, and put 
fo (Uo; °°) Up+g) = « A B. Moreover, let 

1 (U9, Ui) =f(Uo 0 Vin) AB, |Sisp (B.2.1) 
and 

Sotto) Unis) = £.(U 0 U)fi(Up ) Una) 1S S84. 
(B.2.2) 
For i # p, df;’ = dfj{,. Now, for 1 = p we have from (B.2.1) 
(867) (Uo) Up) = (8fp)(Uo, , Uy) AB 

and, from (B.2.2) 


(Gfo41)(Uor 5 Up) = fa Vor» Us) A (afi)(Us)- 


Hence, since 8f, = f, and (df,)(U,) = B, 8f,, = df,,. In this way, we 
see that 


(Sfo+a)(Uor > Urea) 

= (8f,)(Uo ) Usa felUpsar » nea) + Sa(Uor» Us) 8fa)(Um 1 Usa) 
= filUo » Uo) f(Up  Uo+a) 

= (fn Fp) (Uo) Usa) 


since 8f, = 0 and Sf, = fs. We conclude that « A f determines f,U fy. 

Summarizing, we have shown that the direct sum D(M) of the vector 
spaces (cohomology groups) D?(/M) has a ring structure, and that the 
de Rham isomorphism between the cohomology groups extends to a 
ring isomorphism. 

Remark: Many of the methods of sheaf theory have apparently 
resulted from the developments of Appendix A. In fact, perhaps the 
most important applications of the theory are in proving isomorphism 
theorems as, for example, those in § 6.14. 


APPENDIX C 


THE HODGE EXISTENCE THEOREM 


Let M be a compact and orientable Riemannian manifold with metric 
tensor g of class k = 5. We have tacitly assumed that M is of class k + I. 
Denote by A? the Hilbert space of all measurable p-forms « on M such 
that («, «) is finite. (The notation follows closely that of Chapter II). 
The norm in /? is defined by the global scalar product. We assume 
some familiarity with Hilbert space methods. The properties of the 
Laplace-Beltrami operator 4 are to be developed from this point of 
view. The idea of the proof of the existence theorem is to show that 
4-1_the inverse of the closure of 4 is a completely continuous operator 
with domain (A},)t—the orthogonal complement of A? [3/]. The 
Green’s operator G (cf. II.B) defined by 


_ (4-1 0n (AR 


0 onAg 


is therefore completely continuous. 
Since R(4)—the range of J is all of (A%)+, we obtain the 


Decomposition theorem 


A regular form « of degree (0 < p < dim M) has the unique decompost- 
tion 
a= ddy + $dy + H{a] 


where y is of class 2 and H[a] is of class k — 4 (cf. § 2.10). Uf Rk = 5, 
H[a] ts of class 2). 

For, since « — H[a] ¢ (A%)+, it belongs to R(A). Hence, there is a 
p-form y such that dy = a — H[a]. However, x — H[o] is of class 1. 
Consequently, by lemma C. | below, y is of class 2 from which we con- 
clude that it belongs to the domain of 4. 
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The complete continuity of the operator (4 + J)-' is used, on the 
other hand, for the proof that dim A? (where Aj; is the null space of 4) 
is finite. 

The following lemma given without proof is of fundamental im- 
portance [46]: 


Lemma C.1. Let «eA? and B=y-+ 1a where y ts a p-form of class 
Kl <1 Sk —S)andre R.(Whenk = 5, take 1 = 1). If (46, x) = (8, B) 
for every p-form 6 of class k — 2, then « ts a form of class 1 + 1 (almost 
everywhere) and da = B. 

For forms « of class 2, this is clear. In this case (40, «) = (8, Ma). 
Consequently, (@, da — f) vanishes for all p-forms 6 of class 2. Hence, 
Aa — B = 0 almost everywhere on M. 

We begin by showing that 4 is self-adjoint, (or, self-dual) that is, 
4 is its maximal adjoint operator. (The closure of an operator on /\p 
is the closure of its graph in A? x A”). Let 4; =4+J (J= identity). 
Since 4 + J = 4 4+ J, J is self-adjoint, if and only if, 4, is self-adjoint. 
We show that 4, is self-adjoint. In the first place, 4, is (1-1). For, 
ea (4a, a) = (da, dx) + (da, du) + (a, x) = (x, x), 
the condition 4,« = 0 implies a = 0. Again, since 

|x {| S| Ayo || 
(cf. § 7.3 for notation), the inverse mapping (4,)-1 is bounded. Thus 
R(4,) is closed in AP. That R(4,) is all of A? may be seen in the following 
way: Let « #0 be a p-form with the property (4,8, ~) = 0 for all £. 
Applying lemma C, 1 with r = — | this implies that a is of class 2 
and 4d,« =. Hence, since 4, is (1-1), «a =0, and so R(d,) = A?. 

We have shown that (4,)~! is a bounded, symmetric operator on /\?. 
It is therefore self-adjoint, and hence its inverse is self-adjoint. ‘Thus, 


Lemma C.2. The closure of A is a self-adjoint operator on /\?. 


We require the following lemma in order to establish the complete 
continuity of the operator (4,)7): 


Lemma C.3. There exists a coordinate neighborhood U of every point 
PeéM such that for all forms x of class 2 vanishing outside U 

D(a) S C(Aya, a) = C[(da, a) + (a, «)] 
where C is a constant depending on U and 


Gor syerigy \2 
Dia) = J ( euk ) “ 
is the Dirichlet integral. 
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Remark: If, in E” we integrate the right hand side of 


Pou 
(da,«) = — is py ae ae a ltyerty) x] 
by parts, we obtain by virtue of the computation following (3.2.8) 
D(a) = (4a,x). 


(The lemma is therefore clear in E”.) 


Let g,; denote the components of the metric tensor g relative to a 
geodesic coordinate system at P: g,(P),= 5,;. Denote by U’ the 
neighborhood of P in which this coordinate system is valid. Define a new 
metric g’ in U’ by g;; = 4,;. (The existence of such a metric in U’ is 
clear). Then, by the above remark 


D(x) = (A’oox)’ = || doe |]? + || 8’ ||”? 


where the prime indicates that the corresponding quantity has been 
computed with respect to the metric g’, and « is a form vanishing outside 
U'. Since 

BU? SC, RIP 


for some constant C, and any form 8, 
D(a) S Cy(]| da ||? + |] 8’ ||?) 
= Cy(|| doe |? + |] Ba |]? + |] 8% |? — |] dee} ]?) 
SS 2C,(|| doe ||? + || Be ||? + || 8’ — Se ||?) 
= 2C,[(4a,a) + || 8’ — 8a ||?) 


—the second inequality following from the parallelogram law. The 
following estimate is left as an exercise: 


|| 8’ — Sc ||? S Cy |] « ||? + (U)D(a) 


where «(U) > 0 as U shrinks to P. The proof is straightforward. We 
conclude that 


D(a) S 2C,[(4a,a) + Cy || a |? + e(U)D(a)] 
S 2Cy{(doux) + |] a ||] + $D(a) 


by taking U small enough so that 2C,«(U) S }and C, < 1. 
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Lemma C.4. The operator (4,)~! is completely continuous, that is, it 
sends bounded sets into relatively compact sets. 

We employ the following well-known fact regarding operators on a 
Hilbert space. Let {«,;} be a sequence of forms and assume that the 
sequence {4, a,} is defined and bounded. If from the former sequence, 
a norm convergent subsequence can be selected, (4,)-! is completely 
continuous. We need only consider those forms in the domain of 4). 
In the first place, since 


[| Aye |]? = || Ao |]? + 2 |] doe [? + 2 |] Soe ||? + |] [I?, 


the sequences {a,}, {da,} and {da,} are also bounded (in norm). If we take 
a partition of unity {g,} (cf. § 1.6), the corresponding sequences {gg ;}, 
{dg, x,;} and {8g, «,} are also bounded. Since the terms of the sequence 
{ge %,} are bounded (in norm), the same is true of the first partial 
derivatives of their coefficients by virtue of lemma C.3, provided we 
choose a sufficiently fine partition of unity. Lemma C.4 is now an 
immediate consequence of the Rellich selection theorem, namely, “if a 
sequence of functions together with their first derivatives is bounded in 
norm, then a convergent subsequence can be selected’’. 


Proposition (Hodge-de Rham). The number of linearly independent 
harmonic forms on a compact and orientable Riemannian manifold 1s finite. 
Since the operator (4,)“! is (1-1), self-adjoint and completely 
continuous, its spectrum has infinitely many eigenvalues (each of finite 
multiplicity) which are bounded and with zero as their only limit. 
However, 0 is not an eigenvalue. The eigenvalues of 4, are the reciprocals 
of those of (4,)"1—the multiplicities being preserved; moreover, the 
spectrum of J has no limit points. Since 4, = J + J, the spectrum of J is 
obtained from that of 4, by means of a translation. Thus, the spectrum 
of 4 has no (finite) limit points; in addition, the eigenvalues of 4 have 
finite multiplicities. In particular, if zero is an eigenvalue, the number of 
linearly independent harmonic forms is finite since each eigenspace has 
finite dimension. (In the original proof due to Hodge, this was a 
consequence of the Fredholm theory of integral equations). 

Finally, we show that 4~! is a completely continuous operator on 
(A%)+. In the first place, J is (1-1) on (A%)+. Thus, if we restrict 
4 to (A®)+, it has an inverse. (It is this inverse which we denote by 
4-), By lemma C.2, 4-1 is self-adjoint. Consequently, its domain is dense 
in (A#)*; for, an element orthogonal to the range of a self-adjoint 
operator is in its null space. Moreover, 4! has a bounded spectrum 
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with zero as the only limit point. This follows from the fact that the 
eigenvalues of J on (A%)+ have no limit points. 

Summarizing, 4-! has the properties: 

(a) it is self-adjoint with domain (A})+, 

(b) its spectrum is bounded with the zero element as its only limit 
point, and 

(c) each of its eigenspaces ts finite dimensional. 

This allows us to conclude that 4-1 is completely continuous. That 
its domain is (A%)+ follows from the fact that a completely continuous 
operator is bounded. The remaining portions of the proof of the 
existence theorem appear in § 2.11. 

Remark: Lemma C.2 is not essential to the argument. For, the com- 
plete continuity of J~! can be shown directly from that of (4,)~}, which is 
defined on the whole space A?, since Aj is an invariant subspace of 
this operator. 


APPENDIX D 


PARTITION OF UNITY 


To show that to a locally finite open covering &%—={U;} of a 
differentiable manifold M there is associated a partition of unity (cf. §1.6) 
we shall make use of the following facts: (a) M is normal (since a 
topological manifold is regular), that is, to every pair of disjoint 
closed sets, there exist disjoint open sets containing them. (b) Since M 
is normal, there exist locally finite open coverings ¥ = {V;},W° = {W}}, 
W = {W,} and W) = {W?} such that 


WicW, Cc W, cCWic WICYV, CY, cU, 


for each 2. 

In the construction given below, it will be assumed (with no loss in 
generality) that each U, is contained in a coordinate neighborhood and 
has compact closure. 

In constructing a partition of unity, it is convenient to employ a 
smoothing function in £”, that is a function g, 20 of class k cor- 
responding to an arbitrary « > 0 such that 

(i) carr(g,» C {r < e} where r denotes the distance from the origin; 

(ii) g. > 0 forr<e; 

(iii) fin8(ul, ue dul du™ =|. 

An example of a smoothing function is given by 


0, rZe 
g(u) = Ve =< 
7 EP g pe? rae 


where c is chosen so that 


Fn gee = cf exp = du =1. 


<1 
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For each U;,, let f, be the continuous function 


1,PeW} 
FAP) = 0, Pethe complement of W,, 
V-S7(0)S 1, PeW, ~— Wi. 


Let (u!, ..., u”) be a local coordinate system in U, and define ‘distance”’ 
between points of U,; to be the ordinary Euclidean distance between the 
corresponding points of B; where B, is the ball in E” homeomorphic 
with U,. Let e, be chosen so small that a sphere of radius e, with center P 
is contained in U, for all P e« V,; and does not meet W, for Pe V; — W%. 
Consider the function 


h{P) = hu) = [fdo)g.(u — v)de, Pe Vin 


It has the following properties. 

(i) A, is of class k; 

(ii) kh, 20, A(P) > 0, Pe Wi}; h(P) = 0, Pe V, — W%. 

Thus, if we define h, to be 0 in the complement of V,, it is a function 
of class k on M. 

(iii) W} C carr(h;) CW? CU, 

(iv) h(P) = 2, h,(P) is defined for each P « M (since & is a locally 
finite covering); A(P) is of class k and is never 0 since W! is a covering 
of M. 

We may therefore conclude that the functions 


g{P) = 


form a partition of unity subordinated to the covering %. 


Remarks: 1. The above theorem shows that there are many non-trivial 
differential forms of class k on M. 

2. A topological space is-said to be regular if to each closed set S and 
point P ¢ S, there exist disjoint open sets containing S and P. Since M 
is a topological manifold, it is locally homeomorphic with R”. Hence, 
it is locally compact. That M is regular is a consequence of the fact 
that it is locally compact and Hausdorff. That it is normal follows 
from regularity and the existence of a countable basis. Finally, from 
these properties, it can be shown that M is paracompact. 


APPENDIX E 
HOLOMORPHIC BISECTIONAL CURVATURE 


Let M be a Kaehler manifold of complex dimension n and R its Riemannian curvature 
tensor. At each point z of M, R is a quadrilinear mapping T,(M) x T;(M) x Tz(M) x 
T,(M) -> R with well-known properties. 

Let o be a plane in T,(M), i.e., a real two dimensional subspace of T,(M@). Choosing 


an orthonormal basis X,Y for o, we define the sectional curvature K(o) of o by 


(E.0.1) K(s) = R(X,Y, X,Y). 


We shall occasionally write K(X,Y) for K(o). The right hand side depends only on a, 
not on the choice of an orthonormal basis X,Y. The sectional curvature K is a function 
defined on the Grassman bundle of (two-) planes in the tangent spaces of M. A plane c is 
said to be holomorphic if it is invariant by the (almost) complex structure tensor J. The 
set of J-invariant planes ¢ is a holomorphic bundle over M with fibre Pa) = Pa-i(C) 
(complex projective space of dimension n — 1). The restriction of the sectional curvature 
K to this complex projective bundle is called the holomorphic sectional curvature and will 
be denoted by H. In other words, H(o) is defined only when ¢ is invariant by J, and 
H(oc) = K(o). If X is @ vector in o we shall also write H(X) for H(o). 

Given two J-invariant planes o and a’ in T,(M), we define the holomorphic bisectional 


curvature H(o, 0’) by 


(E.0.2) H(o,0') = R(X,JX,Y,JY), 


where X is a unit vector in o and Y a unit vector in o’. It is a simple matter to verify that 
R(X, J X,Y, JY) depends only on o and o’. Although the definition itself makes sense even 
for hermitian holomorphic vector bundles (cf. Nakano [c]) as well as hermitian manifolds 


we shall confine our considerations to the Kaehler case. 
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Since 
(E.0.3) A(o,¢) = H(o), 


the holomorphic bisectional curvature carries more information than the holomorphic sec- 


tional curvature. By Bianchi’s identity we have 
(E.0.4) R(X, JX, Y, JY) = R(X,Y, X,Y) + R(X, JY, X, JY). 


The right hand side of (E.0.4) is a sum of two sectional curvatures (up to constant factors). 
Hence the holomorphic bisectional curvature carries less information than the sectional 
curvature. 

Although the concept of holomorphic bisectional curvature is new, one finds it implicitly 
in Berger [2] and Bishop-Goldberg [89]. The purpose of this Appendix is to give basic 
properties of the holomorphic bisectional curvature and to generalize geometric results on 
Kaehler manifolds with positive sectional curvature to Kaehler manifolds with positive 


holomorphic bisectional curvature. (See Goldberg-Kobayashi [94]). 
E.1. Spaces of constant holomorphic sectional curvature 


If g is a Kaehler metric of constant holomorphic sectional curvature c, then 
c 
R(X, Y, Z, Ww) = glo, Z)g(Y, Ww) =. AX, Wal, Z) 
(E.1.1) + 9(X, JZ)g(¥, JW) — o(X, JW)g(¥, JZ) 


+ 29(X, JY )9(Z, JW)]. 


Hence, 
(E.1.2) R(X,JX,Y,JY) = sla(X, X)a(¥,¥) +9(X,Y¥)? + 9(X, JY)?*]. 


It follows that, for a Kaehler manifold of constant holomorphic sectional curvature c, the 


holomorphic bisectional curvatures H(o,a') lie between c/2 and c, 


c/2< H(o,0')<e or c< H(o,0') < c/2, 
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where the value c/2 is attained when o is perpendicular to o’ whereas the value c is attained 


when o = o". 
E.2. Ricci tensor 


For a Kaehler manifold M, the Ricci tensor S may be given by 
(E.2.1) S(X,¥) = }° R(X, JX, X, JY), 
=1 
where (X;,...,Xn,,JXi,.-.,JXn) is an orthonormal basis for T,(M). It is clear from 
(E.2.1) that if the holomorphic bisectional curvature is positive (negative) so is the Ricci 


tensor. 
E.3. Complex submanifolds 


Let M be a submanifold of a Riemannian manifold N with metric tensor g. Denote 
by Ry and Ry the Riemannian curvature tensors of M and N and by a the second 


fundamental form of M in N. Then, the Gauss-Codazzi equation says that 
Ru (X,Y,Z,W) = g(a(X, Z),a(Y, W)) 
(E.3.1) 
— g(a(X,W), a(¥,Z)) + Rn(X,Y,Z,W). 
(Among several possible definitions of the second fundamental form a, we have chosen the 
one which defines a as a symmetric bilinear mapping from T,(M) x T,(4!) into the normal 
space at z.) 
If N is a Kaehler manifold and M a complex submanifold, then 
Ry (X, JX, Y, JY) = g(a( X,Y), a( JX, JY)) 
— gla(X, JY), a(JX,Y)) + Rn(X, IXY, JY). 
Hence, 


Ru(X, JX, Y, JY) paid | a(X,Y) I"? 
(E.3.2) 
~ j a(X, JY) ||? +Rw(X, JX, Y, JY). 


From (E.3.2) we may conclude that the holomorphic bisectional curvature of M does not 


exceed that of N. In particular, if M is a complex submanifold of a complex Euclidean 
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space, then the holomorphic bisectional curvature of M is nonpositive and hence the Ricci 
tensor of M is also nonpositive. (See O’Neill [c] for similar results on the holomorphic 


sectional curvature.) 


E.4. Complex submanifolds of a space of positive 


holomorphic bisectional curvature 
We prove 


Theorem E.4.1. Let M be a compact connected Kaehler manifold with positive holo- 
morphic bisectional curvature, and let V and W be compact compler submanifolds. If 


dim V +dim W > dimM, then V and W have a non-empty intersection. 


Theorem E.4.1 is a slight generalization of Theorem 2 in Frankel’s paper [b] in which 
he assumes that M is a compact Kaehler manifold with positive sectional curvature. The 


proof given below is a slight modification of that of Frankel. 


Proof. Assume that VM W is empty. Let r(t), 0 < t < J, be a shortest geodesic from V 
to W. Let p = 7(0) and g = r(!). Let X be a parallel vector field defined along r which 
is tangent to both V and W at p and gq, respectively. The assumption dim V + dim W > 
dim M guarantees the existence of such a vector field X. Then JX is also such a vector 
field. Denote by T the vector field tangent to 7 defined along r. We compute the second 
variations of the arc-length with respect to infinitesimal variations X and JX. Then 


(Frankel [b]), we have 


‘ 
(E.4.1) (0) = 9 VxX,T)q —G9(VxX,T)p - [ R(T, X,T, X)dt, 
i) 


I 
(E.4.2) Ly (0) = o(VaxJIX,T)q —9(VixIX,T)> — [ R(T, JX,T, JX)dt. 
Q 


Since g(VxX,T)p+9(VuxJX,T)p = Oand g(VxX,T)_¢+9(VaxIX,T)q = 0 (cf. Frankel 
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{b]), by adding (E.4.1) and (E.4.2) and making use of (E.0.4) we obtain 


i 
(0) + L5x(0) = - | (R(T, X,T,X) + R(T, JX,T, JX))dt 
) 
1 
= - | R(T, JT, X,JX)dt < 0. 
Cy) 


Hence at least one of L4.(0) and L’,, (0) is negative. This contradicts the assumption that 


r is a shortest geodesic from V to W. 


Theorem E.4.2. A compact Kaehler surface Mz with positive holomorphic bisectional 


curvature is complex and analytically homeomorphic to P2(C). 


The result of Andreotti-Frankel (Theorem 3 in [b]) states that a compact Kaehler surface 
Mz with positive sectional curvature is complex analytically homeomorphic with P2(C). 
The proof of Theorem E.4.2 is the same as the proof of Theorem 3 in Frankel’s paper [b]. 
(The only change we have to make is to use Theorem E.4.1 instead of Theorem 2 of [b].) 


The following theorem is also a slight generalization of a result of Frankel [b]. 


Theorem E.4.3. Every holomorphic correspondence of a connected compact Kaehler 


manifold N with positive holomorphic bisectional curvature has a fired point. 


The statement means that every closed complex submanifold V of N x N with dimV = 


dim N meets the diagonal of N x N. 


Proof. Setting M = N x N and W = diagonal (N x N), we apply the proof of Theorem 
E.4.1. Then it suffices to show that R(T, JT,X,JX) is positive at some point of the 
geodesic r. Since T and X are tangent vector fields of N x N, they can be decomposed as 


follows: 


T=T,+T, X= X,+ Xo, 


where T; and X, are tangent to the first factor N, and T; and X2 to the second factor N. 


Then, 


R(T, JT, X, JX) = Rn(TM1, JT, X1,IX1) + Ry(T2, JT2, Xo, TX2). 
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Since T is perpendicular to the diagonal of N x N at p and q, neither T; nor Tz vanishes at 
pand q. Since X, and X2 cannot both vanish at any point, either Ry(T,,JT,,X1,JX1) 
or Ry(Ty, JT2, Xz, JX2) is strictly positive at p (and q). Hence R(T, JT, X, JX) is strictly 


positive at p. 
E.5. The second cohomology group 


A slight generalization of Theorem 1 in Bishop-Goldberg’s paper [90] is given. 


Theorem E.5.1. The second Betti number of a compact connected Kaehler manifold M 


with positive holomorphic bisectional curvature is one. 


Corollary. [f holomorphic curvature is positive, i.e., H(X) > 0 for all X and the mazi- 
mum holomorphic curvature is less than twice the minimum holomorphic curvature (i.e., 


M is d-holomorphically pinched with \ > 1/2, then the second Betti number is 1. 


This is an immediate consequence of the inequality 


24-1 
2 


K(X,Y)+ K(X, JY) > 


(see [2]). 


The following lemma is basic. It will be used also for the proof of Theorem E.6.1. 


Lemma E.5.1. Let & be a real form of bidegree (1,1) on a Kaehler manifold M. Then 


there eztsts a local field of orthonormal frames X1,...Xn,JX1,...,JIXn such that 


€(X;,JX;)=0 for iFj. 


Proof. Let T(X,Y) = €(X,JY). The fact that € has bidegree (1,1) is equivalent to 
(X,Y) = €(JX, JY) for all X and Y. Thus, T(X,Y) = T(Y,X) and T(JX,JY) = 
T(X,Y), that is, T is a symmetric bilinear form invariant under J. Consequently, if X; 
is a characteristic vector of T, so is JX,. We can therefore choose an orthonormal basis 


Xy,.-.;Xn,IX1,...,7Xpy inductively so that the only nonzero components of T are given 


E.6, EINSTEIN-KAEHLER MANIFOLDS 309 
by T(X,, Xi) = T(JXi, JX;), which translates into the desired statement for €. (If we 
use the complex representation for T, then T is a hermitian form and the process above is 


equivalent to the diagonalization of T.) 


The remainder of the proof of Theorem E.5.1 will be given as in Berger [2], and is a 
standard application of a well known technique due to Bochner and Lichnerowicz. For a 
2-form € on a compact Riemannian manifold M, we define F(£) by the following tensor 


equation: 
F(é) = 2Rané*6? ¢ — Rancpg*E°?. 
It is known (cf. for instance, Bochner [6], Lichnerowicz [58, p. 6] or Yano-Bochner (75, p. 
64]) that if € is harmonic and F(€) > 0, then F(€) = 0 and € is parallel. 
Let € be as in Lemma E.5.1 and set &j. = €(X;,JX;). By a simple calculation we 


obtain 
(E.5.1) F(é) = 25> Riiejjs (Cite = E530)", 
ny 
where 
Riiejje = R(Xi, JXi, Xj, JX;). 

Since Rjisj;. > 0 by our assumption, we conclude that F(é) > 0. Assume that € is 
harmonic. Then F(é) = 0 and € is parallel. The equality F(€) = 0 implies fii. = &;;« 
at each point for 1,j = 1,...,n. Hence & = f§2, where f is a function on M and 2 
is the Kaehler form of M. Since € is parallel, f must be a constant function. Thus, 
dim H11(M;C) =1. 

Since the Ricci tensor of M is positive definite (cf. §E.2), there are no nonzero holo- 


morphic 2-forms on M (cf. Bochner [11], Lichnerowicz (58, p. 9] or Yano-Bochner [75, p. 


141}). Thus H?:°(M;C) = H®?(M;C) =0. This completes the proof of Theorem E.5.1. 
E.6. Einstein-Kaehler manifolds with positive holomorphic bisectional curvature 


The following is a slight generalization of a result of Berger [a]. 
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Theorem E.6.1. Ann-dimensional compact connected Kaehler manifold with an Einstein 
metric of positive holomorphic bisectional curvature is globally isometric to P,(C) with the 


Fubini-Study metric. 


Only the essential steps in the proof will be given because of its length, technical com- 
plexity and similarity in approach to the proof of Berger’s theorem. Details, however, will 
be provided where necessary. 

Let M be an Einstein-Kaehler manifold of complex dimension n and let X),...,Xn, 
JXj,...,JIXy be a local field of orthonormal frames. We write also X)-,...,Xn- for 
JX ,...,JXn and set 


Rapys = R(Xa, Xz, Xy, X5). 


We use the convention that the indices a, 3,7,6 run through 1,...,n,1*,...,n” while the 
indices 1, 7,4,/ run from 1 to n. Being the curvature tensor of a Kaehler manifold, Rog+s 
satisfies in addition to the usual algebraic relations satisfied by a Riemannian curvature 


tensor the following relations: 
(E.6.1) Rijop = Rie je0p, Riejas = —Rijeas- 


Lemma E.6.1. Let M be an Einstein-Kaehler manifold such that (Ricct tensor) = k- 
(metric tensor). Then 

1 

3 Di DaDaRireix = 2 Fiers — Rieag — RiaipRivaics) +k: Ruri, 


where D denotes the operator of covariant differentiation. 


Lemma E.6.1 is a special case of & formula of Berger in the Riemannian case (cf. Lemma 
(6.2) in Berger [a}); the Riemannian curvature tensor in Berger’s paper differs from ours 
in sign. 

We denote by H; the maximum value of the holomorphic sectional curvature of M. Since 


M is compact, H exists and is attained by a unit vector, say X, at a point z of M. Thus, 
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H, = H(X). We choose a local field of orthonormal frames X),...,Xn,JX1,...,JXn 


with the following properties: 


xX, =X at Zz, 
(E.6.2) 
Rivia=O0 for afi". 


To find such a frame we apply Lemma E.5.1 to the 2-form ax defined by 
ax(Y,Z) = R(X, JX,Y, Z). 


We denote by @ the value of 3 Doe DaeDaRireiis at z. A straightforward calculation 
using Lemma E.6.1, and E.6.1 yields 


= -H} +kH, - 23° Rie 


i>? 
+ S. (Rainy — Raseaye)? + Raiery + Rairj-)*] 
info? 
> -H} + kl - 25° Riese 
i>2 


Since k= Be Ryyeiie = Ryysise + Di>2 Ryy° ize =H + Liza Ry 55", it follows that 


(E.6.3) Q> So Riese (As ~ 2Rursiie). 
i>2 


To prove the inequality H; — 2R,,*;; > 0, we first establish the following lemma. 


Lemma E.6.2. Let X,JX,Y,JY be orthonormal vectors at a point of a Kaehler manifold 


M. Let a,b be real numbers such that a2 +b? = 1. Then 
H(aX +bY) + H(aX — bY) + H(aX +bJY) + H(aX —bJY) 


= 4[atH(X) + O¢H(Y) + 4076? R(X, JX,Y,JY)). 


Proof. By a straightforward calculation we obtain 


H(aX+bY)+H(aX —bY) = 2[a* H(X)+b' A(Y)+6a7b? R(X, JX, Y, JY)—407b? K(X,Y)). 


Replacing Y by JY we obtain 


H(aX +bJY )+H(aX—bJY) = 2[a*H(X)-+b4H(Y)+6a2b? R(X, JX, Y, JY)—40?b? K(X, JY)). 
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Lemma E.6.2 now follows from these two identities and 
R(X, JX, Y,JY) = K(X, Y) + K(X,JY). 


We apply Lemma E.6.2 to the case X = X, and Y = X,,i # 1. Since H; = H(X)) is 


the maximum holomorphic sectional curvature on M, we obtain 
H, > at Hy + b4H(X,) + 407b Rireise. 


Hence 


(1 —a?)(1 + a7)Hy > O41 H(X;) + 4a7b* Ry egie 

Since 1 — a? = b?, dividing the inequality above by b? we obtain 

(14+a7)H; > BH(X;) +40? Riri 
Setting a = 1 and b = 0, we obtain 

Ay > 2Riyreise 

Since, by our assumption, Rj,-ii) > 0, we obtain from E.6.3 

Q> D7 Riese (Hi — Wires) 2 0. 

i>2 

On the other hand, since Ry,+11+ attains a (local) maximum at 2, it follows that 


1 
Q= 5) DaDaRuri- <0. 


Hence, 


A, = 2Ryisyie for a 


Since k = 35; Riri, we have 
1 
(E.6.4) k= a(n + 1). 


The following lemma is also due to Berger (cf. Lemma (7.4) of {a]). 
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Lemma E.6.3. Let M be a Kaehler manifold of complez dimension n. Then at any point 


y of M the scalar curvature R(y) is given by 


n(n +1) 


RW) = Forge 


te H(X)dX, ye M, 


where Vol(S?"—!) is the volume of the unit sphere of dimension 2n — 1 and dX is the 


canonical measure in the unit sphere Sy in the tangent space T,(M). 


Using E.6.4 and Lemma E.6.3 we shall show that M is a space of constant holomorphic 


sectional curvature. Since M is Einsteinian, we have R(y) = 2nk. By E.6.4 we have 
(E.6.5) Ry) = n(n + 1)Ay. 
From Lemma E.6.3 and E.6.5 we obtain 


| (Hy - H(X))aX = 0. 
S, 


¥ 


Since H, > H(X) for every unit vector X, we must have H, = H(X). A compact 
Kaehler manifold of constant positive holomorphic sectional curvature is necessarily simply 
connected and so is holomorphically isometric to Pa({C). 


As in Bishop-Goldberg [92], from Theorems E.5.1 and E.6.1 we obtain 


Theorem E.6.2. A compact connected Kaehler mantfold with positive holomorphic bisec- 


tional curvature and constant scalar curvature is holomorphically isometric to Pa(C). 


In fact, the Ricci 2-form of a Kaehler manifold is harmonic if and only if the scalar 
curvature is constant. By Theorem E.5.1, the Ricci 2-form is proportional to the Kaehler 


2-form. Hence the manifold is Einsteinian, and Theorem E.6.2 follows from Theorem E.6.1. 


Corollary. A compact, connected homogeneous Kaehler manifold with positive holomor- 


phic bisectional curvature is holomorphically isometric to Py(C). 
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APPENDIX F 


THE GAUSS-BONNET THEOREM 


The Gauss-Bonnet theorem for a compact orientable 2-dimensional Riemannian mani- 
fold M states that 
= i K dA = x(M), 
where K is the Gaussian curvature of the surface M, dA denotes the area element of M, 
and x(M) is the Euler characteristic of M. This is usually derived from the Gauss-Bonnet 
formula for a piece of a surface. Let D be a simply connected region on M bounded by 
a piecewise differentiable curve C' consisting of m differentiable curves. Then the Gauss- 


Bonnet formula for D states 


[tds + ras) + f K dA = 2r, 
c D 


t=] 


where kg is the geodesic curvature of C and a1,...,Qm denote the inner angles at the 
points where C' is not differentiable. Triangulating M and applying the Gauss-Bonnet 
formula to each triangle we obtain the Gauss-Bonnet theorem for M. 

In 1943, Allendoerfer and Weil [a] obtained the Gauss-Bonnet theorem for arbitrary 
Riemannian manifolds by proving a generalized Gauss-Bonnet formula for a piece of a 
Riemannian manifold isometrically imbedded in a Euclidean space. An intrinsic proof was 
obtained by Chern [b] in 1944. The reader is referred to the book of Kobayashi and Nomizu 
fe} for details. 

F.1. Weil homomorphism 

Let G be a Lie group with Lie algebra g. Let [*(G) be the set of symmetric multilinear 
mappings f:g x--- xg ~—+ Rsuch-that f((ad a)ty,...,(ad atx) = f(ti,..., te) fora eG 
and t;,...,tk € g. A multilinear mapping f satisfying the condition above is said to be 


invariant (by G). Obviously, [*(G) is a vector space over R. We set 


I(G)= > T(G). 
k=0 
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For f € I*(G) and g € I'(G), we define fg € I*+'(G) by 


1 
fg(ti, ea yte+t) = (k+0! > F(to(s)s toe stocky 9 (tock-+1)s tee sto(k+1))s 
o 


where the summation is taken over all permutations o of (1,...,4 +1). Extending this 
multiplication to 7(G) in a natural manner, we make I(G) into a commutative algebra 
over R. 

Let P be a principal fibre bundle over a manifold M with group G and projection p. 
Our immediate objective is to define a certain homomorphism of the algebra J(G) into the 
cohomology algebra H*(M,R). We choose a connection in the bundle P. Let w be its 
connection form and 1 its curvature form. For each f € I*(G), let f() be the 2k-form 


on P defined by 
1 
F(Q)(X1, tee Xo) = (2k)! Yo eo F(UX a1), Xo2))s ree UX o(an-1), Xoc2)))s 


X1,...,X2x € Ty(P), where the summation is taken over all permutations ¢ of (1,2,..., 2k) 


and €, denotes the sign of the permutation a. 


Theorem F.1.1. Let P be a principal fibre bundle over M with group G and projection 
a. Choosing a connection in P, let 2 be tts curvature form on P. Then, 

(1) For each f € I*(G), the 2k-form f(Q) on P projects to a (unique) closed 2k-form, 
say (2), on M, t.e., F(Q) = w*(F(Q)); 

(2) If we denote by w(f) the element of the de Rham cohomology group H?*(M, R) 
defined by the closed 2k-form f (2), then w(f) is independent of the choice of a connection 
and w: 1(G) + H*(M,R&) is an algebra homomorphism. 

Theorem F.1.1 is due to A. Weil, and w : I(G) + H*(M, R) is called the Wetl homo- 
morphism. 


F.2. Invariant polynomials 
Let V be a vector space over R and S*(V) the space of symmetric multilinear mappings 


f of V x---x V(k times) into R. In the same way as we made I(G) into a commutative 
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algebra in § F.1, we define a multiplication in $(V) = S7P., S*(V) to make it into a 
commutative algebra over R. 

Let €1,...,€" be a basis for the dual space of V. A mapping p: V -+ R is called a 


polynomial function if it can be expressed as a polynomial of £!,...,é". 


The concept is 
evidently independent of the choice of €!,...,€7. Let P*(V) denote the space of homoge- 
neous polynomial functions of degree k on V. Then P(V) = S772, P*(V) is the algebra 


of polynomial functions on V. 


Proposition F.2.1. The mapping »y : S(V) + P(V) defined by (pf)(t) = f(t,...,t) for 


f € S*(V) andt € V is an ssomorphism of S(V) onto P(V), 


Proposition F.2.2. Given a group G of linear transformations of V, let Sg(V) and 
Pa(V) be the subalgebras of S(V) and P(V), respectively, consisting of G-invariant ele- 
ments. Then, the isomorphism p: S(V) + P(V) defined in Proposition F.2.1 induces an 


wsomorphism of Sg(V) onto Pg(V),. 
Applying Proposition F.2.2 to the algebra J(G) defined in § F.1, we obtain 


Corollary. Let G be a Lie group. Then the algebra I(G) of (ad G)-invariant symmetric 
multilinear mappings of its Lie algebra g into R may be identified with the algebra of 


(ad G)-invariant polynomial functions on g. 


The following theorem is useful in the actual determination of the algebra /(G) defined 


in § F.1. 


Theorem F.2.1. Let G be a Lie group and g its Lie algebra. Let G' be a Lie subgroup 
of G and g' its Lie algebra. Let I(G)(resp. I(G')) be the algebra of invariant symmetric 


multilinear mappings of g(resp. g') into R. Set 


N = {a € G;(ad a)g’ C g’}. 


Considering N as a group of linear transformations acting on g’, let In(G') be the subal- 
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gebra of I(G’) consisting of elements invariant by N. If 
g={(ada)t'laeG and t' €q'}, 


then the restriction map I(G) > I(G') maps I(G) isomorphically into In(G’). 
As an application of Theorem F,2.1 we obtain J(U(n)), J(O(n)) and I(S(O(n)). 


Theorem F.2.2. Define polynomial functions fi,...,fn on the Lie algebra u(n) of U(n) 


by 
det(\In + V—1X) = A" — fi(X)A™7 + fo(X)AP7? = 4 (-1)"fa(X) for X € u(n). 


Then fi,..-,fn are algebraically independent and generate the algebra of polynomial func- 


tions on u(n) invariant by ad(U(n)). 


Theorem F.2.3. Define polynomial functions f,,..., fm on the Lie algebra o(n) of O(n) 


(where n = 2m orn =2m+1) by 
det(AIn —X) =A" + fa X)A"-? + fo(K)AM4* +....., X €o(n). 


Then fi,...fm are algebraically independent and generate the algebra of polynomial func- 


tions on o(n) invariant by ad{O(n)). 


Theorem F.2.4. Define polynomial functions fi,..., fm on the Lie algebra o(n) of SO(n) 
as in Theorem F.2.8. 

(1) Ifn = 2m+1, then f,,...,fm are algebraically independent and generate the 
algebra of polynomial functions on o(n) invariant by ad(SO(n)); 

(2) Ifn = 2m, then there exists a polynomial function h (unique up to sign) such that 
fm = h? and the functions fi,...,fm—1, h are algebraically independent and generate the 


algebra of polynomial functions on o(n) invariant by ad(SO(n)). 


Let 


X = (xij) € o(2m) with Lij = —Xiy. 
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Set 
1 
h(X) = saat D Hissin ea Pinatas 
where the summation is taken over all permutations of (1,...,2m) and €j,..1,, i8 1 or 
~—1 according as (i1,...,12m) is an even or odd permutation of (1,...,2m). From the 


usual definition of the determinant it follows that h is invariant by ad(SO(n)). Moreover, 


fm = h? on o(n). 


F.3. Chern classes 

We recall the axiomatic definition of Chern classes (Hirzebruch {c] and Husemoller 
[d]). We consider the category of differentiable complex vector bundles over differentiable 
manifolds. 

Aziom 1. For each complex vector bundle E over M and for each integer i > 0, the i*” 
Chern class c;(E) € H?'(M, R) is given, and co(#) = 1. 

We set c(E) = S725 ci(E) and call c(E) the total Chern class of E. 

Aztom 2 (Naturality). Let E be a complex vector bundle over M and f: M'+ Ma 


differentiable map. Then 


e(f~'E) = f*(c(E)) € H*(M'; R), 


where f—!E denotes the complex vector bundle over M’ induced by f from E. 

Aziom 3 (Whitney sum formula). Let £\,...,E, be complex line bundles over M, 
i.e., complex vector bundles with fibre C. Let FE; @--- @ E, be their Whitney sum, i.e., 
E,®---@E, =d-1(E, x ++» x Ey), whered: M —+Mx.---x M mapseach point z € M 


into the diagonal element (z,...,c}€ M x-+-+x M. Then 


c(F: ®-:-@ Ey) = c(E;)... (Ey). 


To state Axiom 4, we need to define a certain natural complex line bundle over the 


n-dimensional complex projective space P,. A point z of P, is a 1-dimensional complex 
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subspace, denoted by F;, of C"t!, To each x € Py we assign the corresponding F, as 
the fibre over z, thus obtaining a complex line bundle over P, which will be denoted by 
E,. Instead of describing the complex structure of E,, in detail, we exhibit its associated 
principal bundle. Let C* be the multiplicative group of non-zero complex numbers. Then 
C* acts on the space C"t! — {0} of non-zero vectors in C"*? by 
((2°,27,...,2"),w) € (C™4? — {0}) x C* 
— (2°w,z'w,...,2"w) € Ct! — {0}. 
Under this action of C*, the space C"+! — {0} is the principal fibre bundle over P, with 
group C* associated with the natural line bundle £,. If we denote by p the projection of 


this principal bundle, and by U; the open subset of P, defined by z' # 0, then 
p7}(Ui) = {(2°,...,2") € CP #4 ]2" £ 0}. 


If we denote by y; the mapping p~1(Ui;)  C*™ defined by y,(z°,...,z") = z', then the 
transition function ¥;; is given by 
v;i(p(z°, aye) = 2/2! on U;NU;. 

For the normalization axiom we need to consider only F. 

Axiom 4 (Normalization). —c;(£,) is the generator of H?(P,, Z); in other words, c)(£) 
evaluated (or integrated) on the fundamental 2-cycle P; is equal to —1. 

Let E be a complex vector bundle over M with fibre C” and group GL(r;C). Let P 
be its associated principal fibre bundle. We shall now give a formula which expresses the 


kt Chern class cz(E) by a closed differential form y, of degree 2k on M. We define first 


polynomial functions fo, f:,...,f, on the Lie algebra gl(r;C) by 


13 °2 7 ae 
det (a1. - at) = D(X) ¥ XX Egl(r,C). 


Then they are invariant by ad(GL(r;C)). Let w be a connection form on P and 2 its 


curvature form. by Theorem F.1.1 there exists a unique closed 2k-form 7, on M such that 


P* (ye) = fie(2), 
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where p: P — M is the projection. The cohomology class determined by +, is independent 


of the choice of connection. From the definition of the 7,.’s we may write 


1 
det ( J, - ———=2.} = p*(1 ree rs 
ot ( 5%) pil apa ye) 
Theorem F.3.1. The kt* Chern class c,(E) of a complex vector bundle E over M is 


represented by the closed 2k-form +, defined above. 


We shall show that the real cohomology classes represented by the 7,'s satisfy the four 
axioms. 

(1) Evidently yo represents 1 € H°(M; R). 

(2) Let P be the principal bundle associated with a complex vector bundle E over M. 
Given a map f : M' > M, it is clear that the induced bundle f~} P is the principal bundle 
associated with the induced vector bundle f—'E. Denoting also by f the natural bundle 


map f~!P — P and by w a connection form on P, we set 


Then w’ is a connection form on f~! P and its curvature form ' is related to the curvature 
form 2 of w by 2’ = f*(Q). If we define a closed 2k-form 7, on M using 2’ in the same 
way as we define +, using 2, then it is clear that f*(y.) = 74- 

(3) Let £,,...,£, be complex line bundles over M and P,,...,P, their associated 
principal bundles. For each 1, let w; be a connection form on P; and Q; its curvature form. 
Since P, x +-- x P, is a principal fibre bundle over M x -++ x M with group C* x-:-x C*, 
where C* = GL(1;C), the diagonal map d: M > M x--: x M induces a principal fibre 
bundle P = d7?(P; x--- = P,) on M with group C* x-+.xC*. The group C* x---x C* may 
be considered as the subgroup of GL(q, C) consisting of diagonal matrices. The Whitney 
sum E = F,@---@E, isa vector bundle with fibre C%. Its associated principal fibre bundle 
Q with group GL(q,C) contains P as a subbundle. Let p; : P — P, be the restriction of 


the projection Py x--- x P, + P; to P and set 


wawl te tut, wl = plu). 
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Then w is a connection form on P and its curvature form 2 is given by 
Q=OF+---+0) where QF = p7(Qj). 


Let @ be the connection form on Q which extends to w. Let 2 be its curvature form on 


Q. Then the restriction of 


to P is equal to 
1 


1 
1 — =) J Ae A (1 — mF |. 
( Qr/—l i) ( Qn/-1 :) 
This establishes the Whitney sum formula. 
(4) Let P = C* — {0}. P is the principal bundle over P,(C) with group C* associated 


with the natural line bundle Z,. We define a 1-form w on P by 
w = (Zz, dz)/(Z,z), 


where (Z,dz) = 7°dz° + z1dz! and (Z,z) =7°2° + Zz}. Then w is connection form and its 


curvature form 2 is given by 
Q = dw = {(Z,z)(dz, dz} — (z, dz) A (Z,dz)}/(z, z)’, 


where 


(dz, dz) = dz° Adz® + dz’ Adz’. 


Let U be the open subset of P,(C) defined by z° # 0. If we set w = z!/z°, then w may be 


oO 


used as a local coordinate system in U. Substituting z! = z°w in the formula above for 2, 


we obtain 


Q = (dw A dw)/(1 + wa)’. 


Then y1 = 71(£)) can be written as follows: 


—y1 = (dW Adw)/2nVv—1(1+ ww)? on U. 
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If we set 


2rJ/—lt 
‘ 


ware 


then 


—y = (2r drAdt)/(l+r?)? on U. 


Since P,(C) — U is just a point, the integral — Spe) 71 is equal to the integral — fi, n. 


We wish to show that the latter is equal to 1. From the formula above for +, in terms of 


“fo LD wea) e 


If we express the curvature form 9 by a matrix-valued 2-form (3), then the 2k-form 


r and t, we obtain 


"Ye Tepresenting the k** Chern class cx(£) can be written as follows: 


. (-1)* P| : i 
P* (ye) = GaJ= Siig 5, A AO, 
where the summation is taken over all ordered subsets (71,...%%) of k elements from 


(1,...,r) and all permutations (71,....74) of (i1,...,7%) and the symbol Sheds denotes 
the sign of the permutation (11,...,%%) J (j1,--+ Jk): 

Let P be the principal bundle with group GL(r,C) associated with a complex vector 
bundle FE over M. We shall show that the algebra of characteristic classes of P defined in § 
F.1 is generated by the Chern classes of F. Reducing the structure group GL(r,C’) to U(r) 
we consider a subbundle P’ of P and choose a connection form w’ on P’ with curvature 
form 9’. Let w be the connection form on P which extends w’ and 2 its curvature form. 
Let f be an ad(GL(r,C))-invariant polynomial function on gi(r,C’) and f' its restriction 
to u(r). Then f’ is invariant by U(r). Since the restriction of f(Q) to P’ is equal to 
f'(Q’), the characteristic class of P defined by f coincides with the characteristic class of 
P’ defined by f’. In § F.2 we determined all ad(U(r))-invariant polynomial functions on 


u(r) and our assertion now follows from the definition of the 7's. 
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F.4. Euler classes 

We define the Euler classes axiomatically. But first, let E be a real vector bundle over 
a manifold M with fibre R?. Let P be its associated principal fibre bundle with group 
GL(q, R). Let GL*(q, R) be the subgroup of GL(q, R) consisting of matrices with positive 
determinants; it is a subgroup of index 2. A vector bundle E is said to be orientable if 
the structure group of P can be reduced to GL*+(q;R). If E is orientable and if such a 
reduction is chosen, £ is said to be oriented. 

Let f be a mapping of another manifold M’ into M and f~!E the induced vector bundle 
over M’'. If E is orientable, so is f~1E. Hf E is oriented, so is f~! EF in a natural manner. 

Let E and E’ be two real vector bundles over M with fibres R? and RY, respectively. 


Since 


GL(q, R) x GL(q', R) C GL(q +4’, R) 


and 


GL*(q, R) x GL*(q',r) C GLt(q+q/,R) 


in a natural manner, it follows that if E and E’ are orientable so is their Whitney sum 
E @ E' and that if E and E’ are oriented so is E @ E’ in a natural manner. 

Let E be a complex vector bundle over M with fibre C™. It may be considered as a 
real vector bundle with fibre R?”. Since the associated principal fibre bundle of E as a 
complex vector bundle has as structure group GL(r,C) C GL*(2r, R), E is oriented in a 
natural manner as a real vector bundle. 

We shall now give an axiomatic definition of the Euler classes. We consider the category 
of differentiable oriented real vector bundles over differentiable manifolds. 

Aziom 1. For each oriented real vector bundle E over M with fibre R%, the Euler class 
x(£) € H4(M, R) is given and x(E) = 0 for q odd. 


Aziom 2 (Naturality). If E is an oriented real vector bundle over M and if f is a 
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mapping of another manifold M’ into M, then 
x(f"'E) = f*(x(Z)) € H°(M', R), 


where f—!E is the vector bundle over M’ induced by f from E. 
Aziom 3 (Whitney sum formula). let E,,...,£, be oriented real vector bundles over 


M with fibre R?. Then 
x(A. ® ++ @ E,) = x(£1)... x(E,). 


Aziom 4 (Normalization). Let E, be the natural complex line bundle over the 
1-dimensional complex projective space P,\(C) (cf. § F.3), Then its Euler class y(£,) 
coincides with the first Chern class ¢)(£1). 

By a Riemannian vector bundle we shall mean a pair (E,g) of a real vector bundle E 
and a fibre metric g in E. By definition, g defines an inner product g, in the fibre at 
x € M and the family of inner products gz depends differentiably on z. 

Given a Riemannian vector bundle (E,g) over M and a mapping f : M’ > M, we 
denote by f—!(E,g) the Riemannian vector bundle over M’ consisting of the induced 
vector bundle f—1E over M’ and the fibre metric naturally induced by f from g. Given 
two Riemannian vector bundles (£,g) and (E’,g’) on M, we denote by (E,g) @ (E’,q’) 
the Riemannian vector bundle over M consisting of E @ E’ and the naturally defined fibre 
metric g + g’. We call it the Whitney sum of (E,g) and (E’,q’). 

Let E, be the natural complex line bundle over P,(C) defined in § F.3. A point of 
P,(C) is a 1-dimensional complex subspace of C'"*! and the fibre of E, at that point is 
precisely the corresponding subspace of C"*+', Hence the natural inner product in C+! 
induces an inner product in each fibre of E, and defines what we call the natural fibre 
metric in En. 

We now consider the cohomology class x(E,g) defined axiomatically: 

Aziom 1’. For each oriented Riemannian vector bundle (E,g) over M with fibre RY, 


the class x(Z,g) € H4(M, R) is given and y(E,g) = 0 for g odd. 
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Aziom 2’ (Naturality). If (#,g) is an oriented Riemannian vector bundle over M and 


if f is a mapping of M’ into M, then 
x(f"(E,9)) = f"(x(E,g)) € H"(M', R). 


Aziom 3' (Whitney sum formula). Let (£,,9:),...,(EZr,gr) be oriented Riemannian 


vector bundles over M with fibre R?. Then 


x((F1,91) ®- ++ ® (Er, gr)) = x( Fi, gi)... x(Ers gr). 


Axiom 4’ (Normalization). Let E, be the natural complex line bundle over P\(C) and g; 
the natural fibre metric in E,. Then x(£1, 91) coincides with the first Chern class c,(E,). 

In contrast to the Chern class, the Euler class is usually defined in a constructive 
manner and not axiomatically (see, for example, Husemoller [d]). This is due to the fact 
that in algebraic topology the Euler class is defined to be an element of H*(M, Z), not 
of H*(M,R). But we are interested in the Euler class as an element of H*(M,R). Since 
the Euler class defined in the usual manner in algebraic topology satisfies Axioms 1, 2, 3, 
and 4, the existence of y(E) satisfying Axioms 1, 2, 3, and 4 is assured. It is clear that 
x(Z) satisfying Axioms 1, 2, 3, and 4 satisfies Axioms 1’, 2’, 3’, and 4’. The uniqueness 
of x(E£,g) satisfying Axioms 1’, 2’, 3’, and 4’, then gives rise to the uniqueness of x(Z) 
satisfying Axioms 1, 2, 3, and 4. Assuming certain facts from algebraic topology x(£,g) 
can be shown to be unique. 

We shall now express the Euler class y(£) of an oriented real vector bundle E over M 
with fibre R?? by a closed 2p-form on M. We choose a fibre metric g in E and let Q be the 
principal fibre bundle with group SO(2p) associated with the Riemannian vector bundle 
(E£,g). Letw = (wi) be a connection form on Q and Q= (24) its curvature form. From 
Theorems F.1.1 and F.2.4 (cf. the expression of the polynomial function h in the proof of 


Theorem F.2.4) it follows that there exists a unique closed 2p-form 7 on M such that 


. (~1)? i lop— 
n*(7) = BenPpl Giada OR eR, 
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Theorem F.4.1. The Euler class of an oriented real vector bundle E over M with fibre 


R?? is represented by the closed 2p-form on M defined above. 


If M is an oriented compact Riemannian manifold of dimension 2p and if E is the 
tangent bundle of M, then the closed 2p-form +y integrated over M gives the Euler number 


or Euler characteristic of M. This is the so-called generalized Gauss-Bonnet theorem. 
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APPENDIX G 
SOME APPLICATIONS OF THE GENERALIZED 


GAUSS-BONNET THEOREM 


Perhaps the most significant aspect of differential geometry is that which deals with the 
relationship between the curvature properties of a Riemannian manifold M and its topolog- 
ical structure. One of the beautiful results in this connection is the (generalized) Gauss- 
Bonnet theorem which relates the curvature of compact and oriented even-dimensional 
manifolds with an important topological invariant, namely, the Euler-Poincaré character- 
istic x(M) of M. In the 2-dimensional case, the sign of the Gaussian curvature determines 
the sign of x(A4). Moreover, if the Gaussian curvature vanishes identically, so does x(M). 
In higher dimensions, the Gauss-Bonnet formula (cf. § G.2) is not so simple, and one is 
led to the following important 

Question. Does a compact and oriented Riemannian manifold of even dimension 
n = 2m whose sectional curvatures are all non-negative have non-negative Euler-Poincaré 
characteristic, and if the sectional curvatures are nonpositive is (—1)™y(M) > 0? 

H. Samelson [d] has verified this for homogeneous spaces of compact Lie groups with the 
bi-invariant metric. Unfortunately, however, a proof employing the Gauss-Bonnet formula 
is lacking. An examination of the Gauss-Bonnet integrand at one point of M leads one to 


an algebraic problem which has been resolved in dimension 4 by J. Milnor: 


Theorem G.1. A compact and oriented Riemannian manifold of dimension 4 whose sec- 
tional curvatures are non-negative or nonpositive has non-negative Euler-Poincaré char- 
acteristic. If the sectional curvatures are always positive or always negative, the Euler- 


Poincaré characteristic is positive. 


A subsequent proof was provided by Chern [b]. A new and perhaps clearer version 
indicating some promise for the higher dimensional cases is given in § G3. An application 


of our method yields 
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Theorem G.2. In order that a 4-dimenstonal compact and orientable manifold M carry 


an EBinstein metric, it ts necessary that its Euler-Poincaré characteristic be non-negative. 


Corollary. If V is the volume of M and R ts t of the Ricci scalar curvature, 


VR? 
x(M) > Ton?” 


equality holding if and only if M has constant curvature. 


Theorem G.2 may be improved by relaxing the restriction on the Ricci curvature (cf. § 

As a first step to the general case, it is natural to consider manifolds with specific 
curvature properties. A large class of such spaces is afforded by those complex manifolds 
having the Kaehler property. For this reason, the curvature properties of Kaehler manifolds 
are examined. We are especially interested in the relationship between the holomorphic 
and non holomorphic sectional curvatures. Milnor’s result is also improved by restricting 
the hypothesis to the holomorphic sectional curvatures. Indeed, the following theorem is 


proved: 


Theorem G.3. A compact Kaehler manifold of dimension 4 whose holomorphic sectional 
curvatures are non-negative or nonpositive has nonnegative Euler-Poincaré characteristic. 
If the holomorphic sectional curvatures are always posttive or always negative, the Euler- 


Poincaré characteristic is positive. 


An upper bound for (MM) is obtained in terms of the volume and the maximum absolute 
value of holomorphic curvature of M. More important, an upper bound may be obtained 
in terms of curvature alone when holomorphic curvature is strictly positive (see Theorem 
G.9.2). The technique employed to yield this bound also gives a known bound for the 
diameter of M [2]. 

Let M be a Kaehler manifold with almost complex structure tensor J. Let G2, p denote 


the Grassman manifold of 2-dimensional subspaces of Tp (the tangent space at P € M) 
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and consider the subset 
Hi p ={0€G? plJa=a or Ja Lo}. 


The plane section o is called holomorphic if Jo = a, and anti-holomorphic if Jo 1 a, i.e., 
if it has a basis X,Y where X is perpendicular te both Y and JY, Let R(o) denote the 
curvature transformation (cf. § G1) associated with an orthonormal basis of o, and K(c) 
the sectional curvature at ¢ € G? p. 

A Kaehler manifold is said to have the property (P) if at each point of M there exists 


an orthonormal holomorphic basis {Xq} of the tangent space with respect to which 
(Ra(o))? = -(K(a))?I 


for all sections o = o(Xq,Xg) where R,(o) denotes the restriction of R(a) to the sectiono, 
and I is the identity transformation. (In other words, in the case where K(c) #0, R,(c) 
defines a complex structure on ¢.) 


We shall prove 


Theorem G.4. Let M be a 6-dimensional compact Kaehler manifold having the property 
(P). If for allo = o(Xa,Xg), K(o) > 0, then x(M) > 0, and if K(c) < 0, x(M) < 
0. Uf the sectional curvatures are always positive (resp., negative), the EBuler-Poincaré 


characteristic ts positive (resp., negative). 


A similar statement is valid for manifolds of dimension 4k (see Theorem G.9.1), A 
Kaehler manifold possessing the property (P) for all ¢ € Hi p has constant holomorphic 
curvature. 


The above results appear in [89]. 


G.1. Preliminary notions 
Let M be an n = 2m dimensional Riemannian manifold with metric (,) and norm 


I l= ¢,)1/?. Let o € G2 p be a plane section at P € M, and X,Y € Tp two vectors 
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spanning o. The Riemannian or sectional curvature K(c) at o is defined by 


_ (RUGY)X.Y) 
Kl) = TX AY IP 


where R(X, Y) is the tensor of type (1,1) (associated with X and Y), called the curvature 
transformation (cf. § G.4; R(X,Y) is the negative of the classical curvature transfor- 
mation), and || X AY ||?=|| X ||*I| ¥ |]? -(X,¥)?. The curvature transformation is a 
skew-symmetric linear endomorphism of Tp. Note that K is not a function on M but 


rather on pe Gi p- It is continuous, and so if M is compact, it is bounded. 


Lemma G.1.1. For any X,Y,Z,W € Tp, the curvature transformation has the proper- 
ties: 

(i) R(X,Y)=—-R(Y,X), 

(i) (R(X, Y)Z,W) = -(R(X,Y)W, Z), 

(ii) R(X,Y)Z+ RY, Z)X + R(Z,X)Y =0, 


(iv) (R(X,Y)Z,W) = (R(Z,W)X,Y). 


G.2. Normalization of curvature 
One of the major obstacles in the way of resolving the Question is the presence of terms 
in G.2.1 below involving curvature components of the type (R(X,Y)X,Z),Z # Y. By 
choosing a basis of the tangent space Tp which bears a special relation to the curvatures 
of sections in Tp one is able to simplify the components of the curvature tensor. These 


simplifications are based on the following lemma. 
Lemma G.2.1. Let X;,Xj;,Xx be part of an orthonormal basis of Tp. If the section 


(Xi, Xj) 13 a critical point of the sectional curvature function K restricted to the subman- 


ifold of sections {(X,,X;cos@+ X;,sin@)}, then the curvature component Rijix vanishes. 


Proof. Set f(@) = K(X;,X;cos@ + X;sin8). Then, 
(9) = (R(Xi, X; cos + X;, sin 0)X;,Xj; cos6 + Xx sin 6) 
= cos? 6K;; + sin? OK jx + sin 2ORizik 
where K;; = K(X;,X;). Since the derivative at 6 = 0 of f(@) is 2Ri;ix, the result follows. 


G.3. MEAN CURVATURE 


Corollary. [f M is a 4-dimensional Riemannian manifold, there exists an orthonormal 


basis {X,,X2,X3,X4} of Tp such that the curvature components Ry213, Rizia, R223, Rize, Risia 


and Ry323 all vanish. 


Proof. Choose the plane o(X1,X2) so that K(X,,X2) is the maximum curvature at P. 
Then choose X; € o(X,,X2) and X3 in the orthogonal complement of o(X1,.X2) so that 
K(X,,X3) is a maximum of K restricted to {(X, cos@ + X2sin8, X3 cos@ + X4sin¢)}. 
Applications of Lemma G.2.1 with various choices for i, 7 and k yield the result. 

Proof of Theorem G.1. The idea of the proof is to show that the integrand in the Gauss- 


Bonnet formula is a non-negative multiple of the volume element. For any basis, the 
integrand is a positive multiple of the volume element and the sum 

(G.2.1) Cniaisis EhisaisjaFintaida tists soya 

(cf. § F.4). The terms for which (¢1,i2) = (j1,j2) are products of two curvatures. These 
terms are therefore non-negative. The terms for which (71,22, 71,j2) is a permutation of 
(1,2,3,4) are squares, hence non-negative. If we choose the basis to satisfy the condi- 
tions of the Corollary, to Lemma G.2.1, then all other terms vanish. Indeed, they are 
of the form +Rijic Rij. Uf one of i or / is 1 or 2 and the other is not, then one of 
Ryais, Rie14, Roi23, 2124 must occur. If 7 and ! are 1 and 2 in some order, then Rj314 


occurs, If neither i nor | are 1 or 2, then R332 occurs. 


For later references it is important to know explicitly what the integrand reduces to 


after this choice of basis. A counting procedure yields 

1 
(G.2.2) qa i2K ss + KisKo4 + KigKa3 + (Rig34)? + (Rises)? + (i423)? Jw, 
where w is the Riemannian volume element. 


G.3. Mean curvature and Euler-Poincaré characteristic 


The same conclusion is also valid for 4-dimensional Einstein spaces. An independent 


proof is given below. 
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Proof of Theorem G.2. Since the Ricci tensor R,; is a multiple of the identity transforma- 
tion bij, i.e., Ri; = Ré;;, 


Kyo + Ki3 + Kig = Kai + Koa + Koa 


= K31 + K32 + K3q = Kai + Kao + Kaz. 


(The symbol R employed here is t of the Ricci scalar curvature.) It follows that 
Ki2 = K34, Kis = Koa, Kis = Kaz. 


Thus the terms in (G.2.1) which are products of two curvatures are squares. As before, so 
are the terms having four distinct indices in each factor. The remaining terms are all of 
the form 


Ene Ein Rizizk Rieyy = —Rijie Ruy, 


but since Rjx = Rijix + Rrgty = 0, 7 # k, these terms are also squares. 

Proof of Corollary to Theorem G.2. If we set zr = Ky2 = Ka4, y = Ki3 = Kog, and 
z = Kyq = K3, the minimum of z? + y? + z? subject to the restriction z+ y+z= Ris 
found to be R?/3,. We note that 2? + y? + 2? = R?/3 only if z = y = z. The integral can 
attain the lower bound of V R?/127? only if the other terms all vanish, which implies that 


the sectional curvature is constant. 


Theorem G.2 generalizes a result due to H. Guggenheimer {c]. 

Since an irreducible symmetric space is an Einstein space, its Euler-Poincaré character- 
istic, in the compact case, is non-negative in dimension 4. This is, of course, true for all 
even dimensions [e]. 

The cases where curvature or mean curvature is strictly positive in Theorems G.1 and 
G.2, respectively, are consequences of Myers’ theorem which says that the fundamental 
group is finite. Indeed, the hypothesis of compactness may be weakened to completeness 
in these cases, since compactness is what is first established. 

In both Theorems G.1 and G.2, it is clear from the proof that x(M4/) # 0 unless M is 


locally flat. 
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Example. Let M = S? x S? be the product of two 2-dimensional unit spheres with 
metric tensor the sum of those for the 2-spheres: ds? = ds? + ds3. The Riemannian 
manifold M is then an Einstein space with (constant) Ricci curvature 1. The sectional 
curvatures vary from 0 to 1 inclusive, and hence they are not bounded away from 0. 
However, both Theorems G.1 and G.2 imply that x(M) > 0. This follows from Theorem 
G.1 since M is not locally flat, and from Theorem G.2 since R # 0. Since M does not 
have constant curvature, x(M) > V/12x? > 1. The corollary to Theorem G.2 therefore 
yields information beyond Theorem G.1 if the manifold carries an Einstein metric. 

Theorem G.2 may be improved by relaxing the restriction on mean curvature. Let M 
be any 4-dimensional compact or orientable Riemannian manifold, Rp the maximum mean 
curvature, that is, the maximum of Ry, = Ki2 + Ki3 + Kiq as a function of a point of 
M and an orthonormal basis at that point, and r the minimum mean curvature. The 
generalization of Theorem G.2 will then take the form of finding a lower bound for x(M) 
which is given in terms of Ro, r and V. In particular, we shall give conditions on Rg and 
r in order that x(M) be non-negative. 


The problem reduces to that of minimizing the expression 
Ki2K34 + Ky3 Ko + Kis Kos 


subject to the restrictions 

6S Ki2t+ Kigs+ Kia S Ro, 7 $ Kar + Koa t+ Kaa < Ro, 

r<Kgi+ Ka2+ Kaa < Ro, 1 < Kai + Kao + Kaz < Ro. 
As an outline of the technique used, a substitution Kjz2 = z—u, Ki3 =y—v, Kia = 
z—-w, Kyg=at+u, Ky =ytv, Ke = z+ will reduce Ki2Ka4 + Ki3Ko4 + KigKaa 
to normal form 2? + y? + 2? — u? — v? — w?. The inequalities all involve z + y + z, so we 
may replace z, y and z by their mean s = (z + y + z)/3 without altering the validity of 
the inequalities but decreasing the quadratic expression. This reduces the quadratic form 


to four variables s, u,v, w and the inequalities describe a cube in this 4-space. The form is 
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indefinite or negative definite on this cube and all its faces, so the minimum yu must occur 
on a corner. We summarize the results: 

1. If Ro < 2r, p=r?/3. 

2. fO0<2r < Ro, wp = Ro(3r — Ro)/6. 

3. Ir $0 < Ro, w= —(R3 — 4Ror +17)/6. 

4, Ifr ¢2Ro <0, p=r(3Ro —1)/6. 

5. If 2Ro <r, wp = R3/3. 


The conclusions derived are 


Theorem G.3.1. If M is a 4-dimenstonal compact and orientable Riemannian manifold, 
Ro the mazimum mean curvature, r the minimum mean curvature, V the volume of M, 
and 4. = u(Ro,r) as specified above, then 1V/41? is a lower bound for the Euler- Poincaré 


characteristic of M. 
Corollary. If Ro < 3r or 3Ro <r, the Euler-Poincar€é characteristic is non-negative. 
The case 0 < Ro < 3r follows from Myers’ theorem. 


Corollary. If k is an absolute bound for mean curvature (-k < r, Ro < k), then 


—k°V/4n? is a lower bound for the Euler-Poincaré characteristic. 


We note that this method fails to yield an upper bound for x(M) in terms of mean 


curvature. Moreover, it is not a simple matter to extend these results to higher dimensions. 


G.4. Curvature and holomorphic curvature 
It is well-known that results on Riemannian curvature are sometimes valid for Kaehler 
manifolds when the hypothesis is restricted to holomorphic curvature alone. For example, 
J. L. Synge’s theorem that a complete orientable even-dimensional Riemannian manifold 
of strictly positive curvature is simply connected [e] corresponds to Y. Tsukamoto’s result 
that a complete Kaehler manifold of strictly positive holomorphic curvature is simply 


connected (cf. § G8). 
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It suits our purposes well here to avoid complex vector spaces. Indeed, a Kaehler 
manifold is considered as a Riemannian manifold admitting a self-parallel skew-symmetric 
linear transformation field J such that J? = —J. The field J is usually called the almost 
complex structure tensor. 


We shall require the following 


Lemma G.4.1. The relationship between the curvature transformation R(X,Y) and the 
metric (,) 1s given by 
R(X,Y) = Dixy — (Dx, Dy] 
where Dx denotes the operation of covariant differentiation in the direction of X, and 
2X,DzY) = Z(X,Y)- X(Y,Z) + Y(Z,X) 
+ (¥1X, BI) — (X,Y, Z]) ~ (2,1, X)). 

Lemma G.4.2. Let M be a Kaehler manifold with almost complex structure tensor J. 
Then, for any X,Y € Tp 

(i) R(JX,JY) = R(X,Y), 

(i) K(JX,JY) = K(X,Y), 

and when X,Y,JX,JY are orthonormal, 


(iti) (R(X, IX)Y, JY) = K(X,Y) + K(JX,Y). 


Formula (i) is a consequence of the fact that J is parallel. Indeed, J being parallel is 
equivalent to Dx(JY) = JDxY for all X,Y. Applying Lemma G.4.1, R(X,Y)(JZ) = 
J(R(X,Y)Z). Since J is an isometry, (R(X, ¥Y)JZ, JW) = (JR(X,Y)Z, JW) = (R(X,Y)Z,W), 
so that R(JZ, JW) = R(Z,W) now follows from (iv) of Lemma G.1.1. 

Replacing Y by JY and using ‘the skew-symmetry of R(X,Y) we get R(X,JY) = 
R(Y, JX). For sectional curvature we have the corresponding relation K(X, JY) = K(Y,JX). 

A plane section is holomorphic if it has a basis {X, JX} for some X. A plane section 
is anti-holomorphic if it has a basis {X,Y} where X is perpendicular to both Y and JY. 


More generally, with each section we associate an acute angle 9 which measures by how 
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much the section fails to be holomorphic. If {X,Y} is an orthonormal basis of the section 
then cos@ = |(X,JY){. It is readily verified that this is independent of the choice of X 


and Y. The following lemma is trivial. 


Lemma G.4.3. If X and Y are orthonormal vectors which do not span a holomorphic 


section, then X and JY span an anti-holomorphic section. 


The holomorphic curvature H(X) of a nonzero vector X is the curvature of the holo- 
morphic section o(X, JX), ie., H(X) = K(X, JX). 
In a Riemannian manifold it is well-known that the curvature tensor is determined 


algebraically by the biguadratic curvature form B: 
B(X,Y) = (R(X, Y)X,Y). 
In fact, 
3? 
6(R(X,Y)Z,W) = Fan (Bx + 3sZ,Y +tW) — BUX + 8W,y + tZ))femt=0. 


Since sectional curvature K(X,Y) is the quotient of B(X,Y) and || X AY ||?, it follows 
that the curvature tensor is determined algebraically by the functions K and (,). 


If the manifold is Kaehlerian, we define the quartic holomorphic curvature form Q: 
Q(X) = (R(X, JX)X, JX). 

That the holomorphic sectional curvatures are of fundamental importance for Kaehler 
manifolds is given by 
Theorem G.4.1. B is determined algebraically by Q. 

Perhaps more interesting is the formula which reduces the proof to a verification: 

1 

BUX, Y) = 39 BO(X + JY) 4+ 3Q(X — JY) - Q(X + Y) 


(G.4.1) 
— Q(X -Y) - 4Q(X) — 4Q(Y)]. 


As an immediate consequence of this formula we derive 
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Corollary. Let X and Y be orthonormal vectors, and (X,JY) = cos@ > 0. Then, 


K(X,Y)= lisa + cos 0)? H(X + JY) + 3(1 — cos 6)? W(X — JY) 
(G.4.2) 8 
—~ H(X +Y)- B(x ~Y)— B(X)- H(Y)]. 


Moreover, if (X, JY} = 0, then 

K(X,Y)+ K(X, JY) = {Hx + JY)+ A(X -JY)+ A(X+4+Y) 
(G.4.3) 

+ A(X -Y)- H(X)-HA(Y)], 
and, more generally, 
K(X,Y)+ K(X, JY)sin® 6 = la + cos6)?H(X + JY) 
(G.4.4) + (1 —cos0)?H(X — JY) +H(X +¥) 
+ H(X —Y)-— H(X)—- H(Y)]. 


As a consequence, we obtain a well-known result. 


Corollary. Jf holomorphic curvature is a constant H, then curvature is given by 


(G.4.5) K(X,Y) = a + 3cos? 8). 


In particular, if curvature is constant, the manifold is locally flat for m > 2. 


Formulas (G.4.2)-(G.4.4) will be used in § G.6 to derive inequalities between curvature 


and holomorphic curvature. 


G.5. Curvature as an average 
When holomorphic curvature is constant, the anti-holomorphic curvature is also a con- 


stant A = H/4, and we may rewrite (G.4.5) as 
K(X,Y) = H - 3Asin’ 0. 


For any two orthonormal vectors X and Y such that (X,JY) > 0, we say that the 
holomorphic sections generated by X cosa + Y sina are the holomorphic sections asso- 


ciated with the section spanned by the pair (X,Y), and the sections spanned by the 
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vectors X cosa + Y sina,-JX sina + JY cosa the anti-holomorphic sections associated 
with (X,Y). These ‘circles’ of sections depend only on the plane of X and Y, and not 
on the choice of the vectors X,Y. If the manifold has constant holomorphic curvature, 
then H may clearly be interpreted as the average associated holomorphic curvature, and 
A as the average associated anti-holomorphic curvature. Thus, the following result may 


be viewed as a generalization of formula (G.4.5). 
Theorem G.5.1. Let H(X,Y) be the average associated holomorphic curvature and A(X,Y) 
the average associated anti-holomorphic curvature to the plane of the vectors X and Y, 
t.e., when X and Y are orthonormal, 
H(X,Y) = +f H(X cosa + Y sina)da, 
A(X, Y = “ a K(X cosa + ¥Ysina, -JX sina + JY cosa)da, 

Then, 
(G.5.1) K(X, Y) = H(X,Y) —3A(X,¥)sin’ 8. 

Since H(X cosa+Y sina) and K(X cosa+Y sina, —JX sina + JY cosa) are quartic 


polynomials in cosa, sina, indeed, quadratic polynomials in cos 2a, sin 2a, their average 
may be obtained by averaging any four equally spaced values: 

H(X,Y) = 7 fH) + H(X+Y)4+H(Y)+H(X —Y)], 

A(X, Y) = aIK(X, JY) + K(X 4+Y,-IX + JY) 4 K(¥, JX) + K(X -Y,JX + JY)] 

= S{K(X,JY) + K(X +Y,-JX + JY). 
G.6. Inequalities between holomorphic curvature and curvature 
Throughout this section assume that the metric has been normalized so that every cur- 

vature H(X) satisfies \ < H(X) <1. The Kaehler manifold is then said to be 
A-holomorphically pinched [2]. We shall derive inequalities between the curvatures of holo- 
morphic and nonholomorphic sections. 


To begin with, we consider anti-holomorphic curvature. By formula (G.4.2) with cos 9 = 


0, we obtain 
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Lemma G.6.1. If X,Y span an antt-holomorphic section, then 


At 2 _ 
ee ye 


Similarly, by (G.4.3), we derive 


Lemma G.6.2. If X,Y and X,JY span anti-holomorphic sections, then 


y_ LE A(X) a= 
4 


S$ K(X,Y) + K(X,J¥) < 


Using these bounds one can obtain bounds on mean curvature. Let X; be any unit 
vector. Choose an orthonormal basis {X;,JX;}, i= 1,...,m. Then, the mean curvature 
in the ‘direction’ of X; is 

m 
K(X1,IX1) + \[K(X1.Xi) + K(X, IX). 
i=2 
The first term is holomorphic and the remaining ones are anti-holomorphic in pairs. Thus, 


we obtain 


Theorem G.6.1. Let M be a A-holomorphically pinched Kaehler manifold of complex 


dimension m. Then, 


(i) ifm<s, 
_ (8m+1)A-(m—)) _ 3m+i—(m—1)A 
= 4 BY Ro = 4 
and 
(ii) ifm > 5, 
isi A ee as 


where r, Ro are lower and upper bounds, respectively, for mean curvature. In particular, 
form = 2, mean curvature is non-negative if \ > 1/7. In every dimension mean curvature 
13 positive if \ > 1/2. Finally, form = 2 and \ > 0 (resp., \ < 0), the Rices scalar 


curvature is non-negative (resp., nonpositive). 
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To get an upper bound for an arbitrary sectional curvature, we eliminate the function 
H(X,Y) which occurs in both formulas (G.4.2) and (G.5.1), thereby obtaining 


K(X,Y) = 4[(1 + cos)? H(X + JY) + (1 — cos 6)?H(X — JY)] 
(G.6.1) 2 
— sin? @A(X,Y). 


Using the lower bound for A(X, Y) obtained from Lemma G.6.1 results in the inequality 


2 
(G.6.2) K(X,Y) <1- Asin : 


This proves 


Theorem G.6.2. If the holomorphic sectional curvatures are non-negative, then a mazt- 


mum curvature is holomorphic. 
To obtain a lower bound we apply formula (G.4.2) directly. Thus, 
K(X,Y) > s[6(1 + cos? 6)\ — 4]. 


Hence, 


K(X,Y) > ae A> 0. 


To obtain a better upper bound than (G.6.2) when A < 0, we assume that K(X,Y) is 
a maximum for all curvatures. Then, since (X, JY) = cos6, the derivative at a = 0 of 
K(X cosa + JY sina, Y) is —2({R(X,Y)Y, JY) + cos@K(X,Y)) = 0, and similarly with 


X and Y interchanged. Thus, 
(R(X, Y)Y, JY) = (R(X, Y)X, JX) = —K(X,Y) cos @. 


We use this to expand H(X + JY)(1 +cos@)? and H(X — JY)(1 —cos@)?. The result is 


(1 + cos 6)? H(X + JY) — (1 — cos)? H(X — JY)) 


ROGY = 4cos6 


Eliminating H(X — JY) between this and (G.6.1) yields 


_i1 


K(X,Y) = =(1 + cos6)H(X + JY) ~ (1 — cos 6)A(X,Y) 


3A -2 


dole wo 


(G.6.3) < =(1+ cos 8) — (1 —cos@) 


=1- =(1 —cos@). 
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From (G.4.1) by inserting X,/Y in place of X,Y we get 


K(X, JY) sin? 6 = slBH(X —Y)+3H(X +Y)-—(1+cos6)?H(X + JY) 


(G.6.4) — (1 — cos6)?H(X — JY) ~ H(X) — H(Y)} 
26 
> sBH(x ~Y)+3H(X +Y)— H(X) - H(Y)|- e_ 
Averaging this as we did to get (G.5.1) we find 
fee 1 1 ee cae 
(G.6.5) A(X, Y)sin* @ > gH(X¥) - qi + cos* @) > rig qi + cos? 6). 
Combining this with (G.6.3) gives 
-—cos@ fr 1 iE 
K(X,Y) < (1 + cos 6) — Liat (5 A oes) 
(G.6.6) sin? 6 2 4 
-_ _ 3+4cos@ + 3cos? 6 ~ 2A 
~ 4(1 + cos 6) 


As a function of cos@ this bound is either increasing as cos@ increases from 0 to 1, 
or it has a minimum with larger values on the ends of the interval. The other bound, 
1~—3(1—cos @)A/4, is a decreasing function of cos 6. It follows that K(X, Y) is bounded by 
either the common value when the two bounds coincide, which occurs for cos 6 = 1/3, or 
the bound from (G.6.6) with cos @ = 0. The two numbers in question are 1 — (3 — V3)A/4 


and (3 — 2\)/4, respectively. They coincide for \ = —(1+ V3)/2. Hence, 


i. Savy, a ed a) 
BES 3a. \< 1, 


It is not necessary to duplicate the above analysis to obtain lower bounds. Indeed, we 
can change all signs and directions of inequalities (making the minimum H = —1), then 
rescale the result so that the minimum 4H is again \ when A < 0. We summarize the results 


as follows: 


Theorem G.6.3. Let M be a \-holomorphically pinched Kaehler manifold. Then, 


A? SKA, Y)< 1. ADO, 


(vA 1+ V8 Lye 


(ii) K(X,Y)<1- a ; 5 
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(i) Ke ge 
4 2 
j= 
(iv) K(XY)> FF, —-va41< 180, 
(v) CG aie \<-V3 +1. 


Finally, if -1 < H(X) < —+ for all X, then 


3\ -—2 


(vi) -1<K(X,Y)< oF 4 


It is suspected that the bounds in cases (ii) and (v) can be improved, with corresponding 


alterations on the bounds on 4 in (iii) and (iv): 


Conjecture. 
(ii’) K(X,Y) <1, =~ S<0, 
(v’) RIX VS. head 


Further improvement by the methods employed here (consideration of the curvature at 
one point) is precluded by the examples A and B below where the curvature components 


Rijxi are taken with respect to an orthonormal holomorphic basis X),X2,X3 = JX,,X4 = 
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JX. In each of these examples 4 < H(X) <1. 


The other curvature components are determined by Lemmas G.1.1 and G.4.2. 

For example A we have (3A — 2)/4 < K(X,Y) < lif -2 < A <1; if \ < —2, then 
A < K(X,Y) < (2-A)/4. For example B, (24 — 1)/4 < K(X,Y) < lif -1/2<A <1; if 
A < -1/2, then 4 < K(X,Y) < (3 -24)/4. 

It is noteworthy that in each of these examples the mean curvature is constant, namely, 


1+ 4/2 for A and 4+ 1/2 for B. 


G.7. Holomorphic curvature and Euler-Poincaré characteristic 
The Gauss-Bonnet integral can also be simplified by a normalization of the basis de- 
pending on holomorphic curvature (cf. § G.4). Our considerations, as before, are restricted 
to the 4-dimensional case. Since only orthonormal holomorphic bases are considered we 
should expect fewer terms of the form Rjj;iz,k # 7, to vanish. Fortunately, however, this 


is compensated for by virtue of the additional relations provided by Lemma G.4.2. It is 


for this reason that the proof of Theorem G.3 presents no essential difficulties. In fact, if 
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H(X)}) is taken to be the maximal holomorphic curvature, then, by evaluating the deriva- 
tive of H(X1 cosa + X2sinaq) at a = 0, it follows that Ryigiq = 0(X3 = JX1,Xq = JX2). 


By taking the second derivative, the inequality 

(G.7.1) Ky. + 3hi4 < Kia 

is obtained. By using X4 in place of X2, we get Riai3 = 0 and 
(G.7.2) 3Ki2 + Kia < Kis. 


(If Ky3 = H(X,) is a minimum rather than a maximum, the inequalities are reversed.) 

There is still some choice possible after making H(X ) critical, since this only determines 
the plane of X; and X3. For, X; and X2 can be chosen in such a way that Ay. will 
be a maximum (or minimum) among sections having a basis of the form {X cosa + 
X3sina, X;cos3+X4sin8}. Then, by differentiating K(X, cosa + X3 sina, X2) we find 
Riaz = 0. 

The above technique clearly extends to higher dimensions. However, the Gauss-Bonnet 
integrand (cf. § F.4) has so many terms, that this normalization does not clarify the relation 
between curvature and the Euler-Poincaré characteristic. This is not so for dimension 4, 


because the integrand with respect to this normalized basis is simply 
1. é 
(G.7.3) qi Kh + K2) + (Kia + Kis)? + Kis Koalw 


where w is the volume element. This proves Theorem G.3. 

Example. Let M be a 4-dimensional compact complex manifold on which there exist 
at least two closed (globally defined) holomorphic differentials a” = a dzi, PS Tang NG 
such that rank (ai? ) = 2. We do not assume that M is parallelisable. Indeed, some or all 
of the a” may have zeros on M. Topologically, M may be the Cartesian product of the 
Riemann sphere with a 2-sphere having N handles. The fundamental form /—1D,a" Aa’ 


of M is closed and of maximal rank. Hence, we have a globally defined Kaehler metric 
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g = 22,a" @ a". That this metric has nonpositive holomorphic curvature may be seen as 
follows. At the pole of a system of geodesic complex coordinates (z!,z?), the components 


of the curvature tensor are 


where 
gije = Data”, 
Thus, 
(7) /2 
( (gear) devant) “aver DD] <o 


and so by Theorem G.3, x(M) is non-negative. 

Note that since the first betti number 6, > 4, the second dy > 6. 

As a matter of fact, S. Bochner [8] has shown that the Euler-Poincaré characteristic of 
a compact complex manifold M of complex dimension m, on which there exists at least 
m closed holomorphic differentials a™ = al” dz such that rank (a\”) is maximal at each 
point of M, is non-negative for m even and nonpositive for m odd. Since the holomorphic 
sectional curvatures are nonpositive we ask the following question: 

Is the sign of the Euler-Poincaré characteristic of a compact Kaehler manifold of nega- 
tive holomorphic sectional curvature given by (—1)™? 

The expression (G.7.3) is now used to obtain an upper bound for x(M) in terms of 
volume and the bounds on holomorphic curvature. Suppose that M is A-holomorphically 


pinched. Choose H(X,) to be minimum, so we may assume it is A. Let x = H(X1 + X4)+ 


A(X, — X4), y = A(X + Xo) + A(X) — Xz), z = H(X2) = Kg. Then, by (G.4.2). 
1 1 
Ky2 = 5(382 —y—z—A), Ku = 38y-2—-2-), 
and so by the inequalities (G.7.1) and (G.7.2), since Ky2 > Kia, 


(G.7.4) 
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The integrand, except for the factor w/47?, is 
1 
f(z,y,z) = gle” + y?) 4.27 — Qey — Qez — Qyz - 2QAx — Qhy + 1OAz + 7}. 
The maximum value of f on the region determined by the inequalities (G.7.4) is 


1 
(G.7.5) 5 (30 — 4\+4), AD-1, 


(G.7.6) (44? —4\ +3), A<-1. 


Nie 


That there are no inequalities superior to (G.7.4), in terms of which better bounds for f 
can be obtained, is a consequence of examples A and B, § G.6. For, example A yields 
(G.7.5) and B yields (G.7.6) as respective integrand factors. 


Making use of the symmetry of (G.7.5) and (G.7.6), they may be combined to give 


Theorem G.7.1. Let M be a compact 4-dimensional Kaehler manifold, L the maximum 
absolute value of holomorphic curvature, (1 — A)L the variation (mazimum minus mint- 


mum) of holomorphic curvature, and V the volume of M. Then, 


(G.7.7) x(M) < (3 —4\+4)LV. 


Since \ > —1, we always have 


1LL?V 
Ni) 
x(M) S 


Note that the bound (G.7.7) is achieved for the complex projective space P, but for 
M = S? x S? the bound is 11y(M)/8. (For P2: L = 1, \ = 1, V = 8m", whereas 


for S* x S?:L=1, \=1/2, V =.16n?.) 


G.8. Curvature and volume 
In this section, we shall assume that M is a complete \-holomorphically pinched Kaehler 
manifold with \ > 0. Our goal is to obtain an upper bound for the volume of M in terms 


of A and the dimension of M. The ensuing technique also yields a well-known bound for 
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the diameter, namely, */W. The approach will be to obtain a bound B on the Jacobian 
of the exponential map. The bound on volume is then obtained by integrating B on the 
interior of a sphere of radius x/VA in the tangent space. 

The following facts about the exponential map, Jacobi fields, and second variation of arc 
length are required. Let 7 be a geodesic starting at P € M, y parametrized with respect 
to arc length, ¢ a distance along + such that there are no conjugate points of P between 
P and y(t). Let X, be the tangent field to y and Xz = JX\,X3,X4 = JX3,...,Xam = 
JXem-1 parallel fields along y which together with X, form an orthonormal basis at every 
point of y. Covariant differentiation with respect to X, will be denoted by a prime, so if 
V = DgX,, then Dx, V = V' = Ug! X,. A vector field V along ¥ is called a Jacob: field if 
V" + R(X,,V)X, = 0. The second variation of arc length along + of a vector field X is 
the second derivative of the arc lengths of a one-parameter family of curves having X as 
the assoctated transverse vector field, (For example, 75(a) = exp a) 8X (@), OS a <1.) 

(a) If X is perpendicular to X,, then the first variation (defined similarly) is zero, so 
the second variation determines whether the neighboring curves are longer or shorter than 
¥. 

(b) If V is a Jacobi field such that V(0) = 0, then V(a) = dexppaT, where T is a 
constant vector in the tangent space Tp. If Tp is identified with its tangent spaces, then 
T = V’(0). 

(c) The second variation of a Jacobi field V (as in (b)) is (V,V)'(t)/2. 

(d) If W is a vector field along y such that W(0) = 0, and W is perpendicular to X1, 


then the second variation of W is 
; : 
[or wy — Ow), Waa. 
0 


(e) If V and W are as in (b) and (d), then the second variation of W is an upper 
bound for that of V, equality occurring if and only if V = W. In other words, second 


variation is minimized by Jacobi fields up to the first conjugate point. 
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(f) The conjugate points of P are the points at which expp is singular. 

(g) Gauss’ Lemma. If T is perpendicular to X,(0) in Tp, then dexpp T is perpendic- 
ular to X, in M. 

Let W,,...,Ws be vectors at a point of M. We denote by W = {W,,...,Wz} the 
column of these vectors and by detW the volume of the parallelepiped they span, so 
(det W)? = det((W,,W;)). Denote the Jacobian of expp at expp' y(t) by J(t). Choose 
a basis T) = X1(0), To,...,T, of Tp with T; perpendicular to T),i > 1, and let V; be 
the Jacobi field with Vi(0) = 0,V/(0) = T;, 1 > 1, so that Vi(a) = dexppaT;,. Put 
T = {T2,...,Tn} and V = {V2,..., Va}. Then, by (g) and because expp preserves radia] 


lengths 
(G.8.1) det V(a) =a" J(a)det T. 


Letting X = {X2,...,X,}, we may write V = FX where F is a nonsingular matrix 
function of @ of order n — 1. Hence det V = det F since det X = 1. 

Let g and h be real-valued functions of a such that g(0) = h(0) = 0, g(t) = A(t) = 1, but 
otherwise unspecified as yet. They determine a column W = {gX2,hX3,hX4,...,hXn} 
which coincides at ¢ with the column of Jacobi fields U = (F(t))"!1V = {U2,...,Un}. 


Thus, we have 

n~1 
2 -1 ~ wa) 
det U(a) = det(F(t))~* det V(a) = TT 
By the rule for the derivative of a determinant and the fact that U(t) = X(t) is an 


orthonormal! column, we have 


((det U)?)'(t) = (U2, Ue)"(t) t+ + (Un, Un) (t) 


se a) 


But by (c) and (e), this is majorized by twice the sum of second variations of the Wj, that 


is, by (d), 
n-1 Jie) 
Ete) 


< [ [o'r +m 200" Hm) 


- bs wx.X)) mt da. 
1=3 


(G.8.2) 
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However, by Lemma G.6.2, we have for i odd, 
1 
K(X,, Xi) + K(X, Xi41) > A- ql + H(X;)). 


Letting f = H(X1), the problem of obtaining an upper bound for J’(t)/J(é) has been 


reduced to the variational problem of minimizing 


[ {to'ay? + (2 = 2)08"(ay)? ~ Had — y(n — 2)(h(0))? 
(G.8.3) g ‘ 
= fla)[(a(a))? = Fle ~ 2)(h(2))?] bd, 

where f is an arbitrary function subject to the restrictions 4 < f < 1, and g,h are functions 


subject to the restrictions g(0) = h(0) =0, g(t) = A(t) = 1. 


The Euler equations for this problem are 


(G.8.4) g" + fg =0, 


(G.8.5) 8h" + (44—-1-f)h =0. 


Let G and H be the solutions of G.8.4 and G.8.5, respectively, such that G(0) = H(0) = 
0, G’(0) = H’(0) = 1. Then, since f is an analytic function, so are G and H. Their power 
series therefore have the form G(a) =a+---,H(a)=a+---. Setting g =G/G(t), h= 


H/H(t) and integrating (9'(a))*da, (h'(a))?da by parts, the integral (G.8.3) reduces to 
(G.8.3') g'(t)9(t) + (n — 2)h'(£)h(t) — g'(0)g(0) — (n — 2)h'(0)h(0) 


plus an integral which is zero due to the fact that g and h satisfy (G.8.4) and (G.8.5). 
Since g(t) = A(t) = 1, g(0) = R(0) = 0 and g/(t) = G'(t)/G(t), A’(t) = H'(t)/H(t), we 
finally have 


G'(t) 
G(t) 


fe ore se eae 


(G.8.6) Ha) ; 


s 


Integrating both sides of this inequality from a to t, then taking the limit as a > 0 by 
using the facts that G(a)(H(a))""?/a""! = 1+-++ and J(0) = 1, we derive 


GA)? 


log J(t) < log ee 
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that is, 


(H(t)? 


qn-l 


(G.8.7) J(t) < 


Since it follows from the Sturm comparison theorem that the solution G of (G.8.4) must 
have another zero in the interval [0,7//)), the inequality (G.8.7) shows that J(t) must 
also have a zero in (0,7/VA]. Hence, there is a conjugate point to P along ¥ at a distance 


not greater than n[VX. 


Theorem G.8.1. If M 1s a Kaehler manifold which is complete and A-holomorphically 


pinched, 4 > 0, then the diameter of M does not exceed r/V). 


Corollary. A complete Kaehler manifold of strictly positive holomorphic curvature is 


compact. 


The integral of the bound on J(t), given by (G.8.7), over the interior of the sphere of 
radius t/WX about 0 in Tp is thus a bound on the volume v(M) of M. This integration 
is accomplished by multiplying by the volume of an (n — 1)-sphere of radius t, namely, 


2t"—1%™ /(m — 1)!, where m = n/2, and integrating from 0 to r. Thus 


Theorem G.8.2. Let M be a complete A-holomorphically pinched Kaehler manifold with 


A>O0. Then 


(6.88) vt) < AS [cena tae, 


where r is the first zero of G beyond 0. 


To realize an upper bound, consider the integral (G.8.3), where we note that f = A 
may be substituted for the coefficient of g? and f = 1 for the coefficient of h?. The 


corresponding solutions of the Euler equations of G and H are 


G(t) = * sinat, a=VA\, 
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Tse f2.-1 : 1 
5 sine, b= ri if A> 5) 


1 

H(t) = t if A= 2 
1 1-2, 1 

=s! = if ~, 

5 sinh dt, b Fr) if A< 5 


When \ = 1, formula (G.8.8) reduces to an equation for the volume of complex projec- 
tive space P,,. 

Even better bounds can be obtained from (G.8.3) by a judicious choice of g and h, 
and by replacing f by A or 1 depending on whether its coefficient is negative or positive, 
respectively. For example, if we take g(a) = sinate/sina,a = VA and h(a) = a/t, we 


find that for n < 10 the coefficient of f(a) is always nonpositive. The result is 


2n™ eee er n—2\(3\-1 
oM) < re | z *sinz exp ( - C= AEA= 1 a, n< 10. 


Applying Theorem G.7.1 , we find an upper bound for the Euler-Poincaré characteristic 


of a complete 4-dimensional \-holomorphically pinched Kaehler manifold with \ > 0, 


Mak pa fh. Loe 
(G.8.9) xi) < Se | x” sinz exp (- oa? ) ae. 


For M = S? x §?, this bound is approximately 3.4y(M). Good bounds are obtained 
when X > 0.6. 

Remarks. (a) A complete Kaehler manifold M of strictly positive holomorphic curvature 
is simply connected [f]. For, if M is not simply connected, then in every nontrivial free 
homotopy class of closed curves of M there would be a closed geodesic which is the shortest 
closed curve in the class. That this is impossible is seen by applying (a) and (d) above to 
the vector W = JX, along the geodesic y. Indeed, its first variation is zero, and its second 
variation is negative. 

(b) A 4-dimensional complete Kaehler manifold of strictly positive holomorphic curva- 
ture is compact, simply connected and has positive Euler-Poincaré characteristic bounded 


above by (G.8.9). 
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G.9. The curvature transformation 

We have seen that one of the difficulties which arises when attempting to resolve the 
Question preceding Theorem G.1 by considerations of the Gauss-Bonnet integrand at one 
point is the presence of terms involving factors of the type (R(X,Y)X,Z),Z # Y. How- 
ever, this is only part of the problem; for, one must still account for terms which are 
products of those of the form (R(X,Y)Z,W). Even in dimension 6 where there are 105 
independent components of the curvature tensor, and indeed (6!)? terms to be summed 
(see § F.4) the problem is formidable! For these reasons one is led to consider Kaehler man- 
ifolds where one may make essential use of the additional curvature properties provided 


by Lemma G.4.2. The following lemma leads to the property (P) of Theorem G.4. 


Lemma G.9.1. Let {X1,...,Xn} be @ basis of Tp. Then, a necessary and sufficient 
condition that (R(X;,X;)Xi, Xz) = 0, k # J, ts that the curvature transformation satisfy 


the relation 
(G.9.1) (R(X;,X;))? = -(K(Xi, Xj)? L 
on o(X;,X;). 


Proof. Set Ki; = K(X;,Xj;) and let a, be any real numbers. Then, for any Z = aX; + 
bX; € a(Xi,X;), 


R(X;, Xj)Z a aS” Riya Xe _ b5- Rijnp Xk 


k=] k=1 
and 
(R(X;, X;))?Z =- Kj,Z — ak; a: RyjayXe — OK; Se Risin Xe 
ki key 
+a > Rize R(Xi, Xj) Xk = 6)- Rijej R(Xi, Xj) Xx. 
kj kAi 


Applying the condition (G.9.1), it follows that 


(G.9.2) >, Riga R(Xi, Xj)Xe = Key D> RiesXj, 
kj kAt 
(G.9.2") S > Rises R(Xi, Xj)Xe = —Kiy D> Risin Xe 


k#i ky 
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Taking the inner product of (G.9.2) with X; and of (G.9.2') with X,, we obtain 


So (Rijik)? = 0, SO (Rages)? = 0. 
k#) kHi 
Hence, Rijix = 0, kj. 
Conversely, if Rijik > 0, k # J R(X;,X;3)X; = KijX;. Thus, (R(X, X;))? Xi = 
Kij R(X), Xj) Xj = —K}.Xi, and so by linear extension (R(X;,.X;))?Z = -K}Z for any 
Z € 0( Xj, Xj). 
Corollary. Let {X1,...,Xn} be an orthonormal basis of Tp. Then if K(Xi,X;) 4 0 
is a minimum or mazimum among all sectional curvatures on planes spanned by X; and 


X;cos6 + X,sin@, k # i,7, the curvature transformation R(X;,X,) defines a complex 


structure on o(Xj, Xj). 


Corollary. The curvature transformation R(a) of a manifold of constant nonzero curva- 


ture defines a complez structure onc. 


Remarks. (a) A proof of the following relevant result may be found on p. 267. Let 
A be a nonsingular linear transformation of the 2n-dimensional vector space R?” with a 
positive definite inner product. By means of the inner product, A may be identified with 
a bilinear form on R?*, If this form is skew-symmetric, there is a unique decomposition of 
R?" into subspaces S\,..., 5, such that: 

(i) each S; is invariant by the transformation A, and for i #3, S; 4 Sj; 

(ii) restricted to $;,A? = —a?I, aj > 0, and fori # 3, a; # a). 

(b) A Kaehler manifold of constant mean curvature and of dimension > 4 does not 
in general have the property (P) although it does satisfy UpgjRijix = 0 relative to an 


orthonormal basis. 


Proof of Theorem G.4. Let {X,,...,X6}, Xa4i = JXi, 1 = 1,2,3, be an orthonormal 
holomorphic basis of Tp with respect to which the curvature transformation satisfies the 
property (P). By Lemma G.9.1, we need only consider those summands in the Gauss- 


Bonnet integrand whose factors are of the form (R(X,Y)Z,W) where X,Y,Z,W are a 
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part of the basis. Put X;. = JX,, 1 = 1,2,3, 1** =i. By applying the identities (iii) of 
Lemma G.1.1 and (i) of Lemma G.4.2, Regys = 0, a, 3,7,6 = 1,...,6, if either y = a* 
and 6 # 3° or 3 = a* and 6 # y*. Hence the only nonvanishing terms are of the following 
types: 


Ki,Ky,K,, (Ry, Ay Kn; Riy Rigi Rist, 
Riritgt Riots Risizjnsg, tr FJes 
where I;,12,I3 are index pairs: J = ij, 7*j or 1j*, and I* = i*j*, 1j7* or i*j, resp. By 


Lemma G.4.2 (i), we see that Ry,7+Riji;Rigzz = K1,K1,Ki,. On the other hand, by 


Lemma G.4.2 (iii), 
Riis jn jt Rinig.joig Riis jozg = Kaj, + Karys (Kinin + Nings (Kissig + Kis Kissy): 
Consequently, since 
Eni injaisgs Ei hs iaiaiags = +1, 
Evin jy key lyin ja Eki hy iy jr iad = +1, 


Ej taJ2ieja Cit jt 534333 — -1, 


and 


the various terms in the Gauss-Bonnet integrand are either all non-negative or all non- 
positive depending on whether the sectional curvatures have the same property. Thus, if 
the holomorphic and anti-holomorphic sectional curvatures K(a) are non-negative (resp., 
nonpositive), y(M4) > 0 (resp., x(M) < 0). 

We now obtain a result valid for. the dimensions 4k, k > 1. We shall first require the 


following lemma. 


Lemma G.9.2. Let {X;, Xj}, 1 =1,...,m, be an orthonormal holomorphic basis of Tp. 
Then, a necessary and sufficient condition that Rijxr = 0, (1,3) # (FI), 1< 9, <1 18 


that the curvature transformation has the property 
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(Q) I| R(X, Xj) Xe [P= DORK, Xj) Xe, Xr)? 
i 


This is an immediate consequence of the fact that 
R(Xj,Xj)Xk = Ss; Ry jeiXi + > Ry jee Xe. 
F 1 


For, 


| R(X: X;)X- P= Ss (Rael? + So (Riser ae 


I i 


Remark. Property (Q) is implied by 
(Q') (R(Xi,X;))? Xe = — D0 (Rajat)? Xe. 
! 
For, since the curvature transformation is a skew-symmetric transformation 
(R(Xi,Xj)Xe, R(Xi, X;)Xe) = —(( R(X, X;))? Xe, Xe) = 2 (Rigi)? 


Theorem G.9.1. Let M**,k > 1, be a compact Kaehler manifold whose curvature trans- 
formation has the properties (P) and (Q), with respect to the orthonormal holomorphic 
basis {Xa}. If for allo = o(Xa,Xg), K(c) > 0, then y(M**) > 0, and if K(c) < 
0, x(M4*) > 0. If the sectional curvatures are always positive or always negative, the 


Fuler-Poincaré characteristic 1s positive. 


Proof. As before, let {X;, Xj}, 7 = 1,...,2k, be an orthonormal holomorphic basis of Tp. 


Again, one need only consider those summands 


DE tom Eis dam Pirigdada + Ri 


tam -1t2mJ2m—1J2m 

(cf. § F.4) whose factors are of the form (R(X, Y)Z,W), where the vectors X,Y, Z and W 
are independent. Moreover, Ragys = 0, a,8,y,6 = 1,...,4k, if either y = a” and é # f* 
or 8 = a* and 6 # y*. Furthermore, by Lemma G.9.2, Rijxie vanishes for all i,j,k,/. The 


nonvanishing terms may then be classified as before, namely, 


Ky,..-Kr,, (Hig) Bags Ries Kny, Rin. -Rinty 


an! 
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Riis ijt + Riawigs jan it 
and so, since 
Ei, jy stan jan Eta ja eionjan = +4, 
Ein yey yok ja Bale fae 41 dae g1-otan tom Ek lait ja Role te de ine pidae¢iianjan = +1, 
Ein jection dan Cty Ft tone iy = +1, 


& 3, = +1, 


eT :. hd A &. a = E i . : af v3 
Eas if iamigy E52, joni, 1 wignit 6S, Ein Jani? Jan 


the result follows. 
The above proof breaks down in dimensions 4k + 2. For example, if k = 2, the term 
Ry+9¢34 Rs 4°25 Ri23¢s* R352+4¢ Pse411* need not vanish on account of properties (P) and 


(Q). 


Remarks. (a) The curvature tensor of a manifold M of constant holomorphic curvature 

1 has the components 
(R(X, X3)Xay Xr) = GU (Syn ~ 5jnbit) + (Xj TX Xe IX) 
— (X53, IXu)( Xi, TX1) + 2X4, IX5)( Xx, JX] 

relative to an orthonormal holomorphic basis. Hence, M has the properties (P) and (Q). 
Conversely, if a Kaehler manifold possesses the properties (P) (and (Q)) for all  € H? p, 
the space is of constant holomorphic curvature. For, let X,Y,JX,JY be part of an or- 
thonormal basis of Tp. Then, H(X)—H(Y) =(R(X+Y, JX+JY)(X+Y), JX-JY) =0. 

That a manifold with the properties (P) and (Q) (at one point) need not have constant 
holomorphic curvature is a consequence of either example A or B. (That such Kaehlerian 
manifolds actually exist is another matter.) It is not difficult to construct such examples 
in higher dimensions. 

(b) The Kaehlerian product of m copies of $2, with the canonical metric, satisfies the 


property (P) relative to the natural holomorphic basis. 
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G.10. Holomorphic pinching and Euler-Poincaré characteristic 
A procedure is now outlined by which a meaningful formula for the Gauss-Bonnet 
integrand G can be found when M is a 6-dimensional compact Kaehler manifold possessing 


the property (P). The formula obtained will then be used in two ways: 
(1) To show that if M is \-holomorphically pinched, \ > 2 — 27/3 ~ 0.42, then 
x(M) > 0. 
(2) To show that non-negative holomorphic curvature is not sufficient to make G non- 
negative. This will be accomplished by means of an example satisfying the condition (P). 
In the following, a pair of indices (a, a*) will be denoted by H or H’, and a pair (a, @) 
where 8 # a* by A. Then, condition (P) is equivalent to: The only nonzero curvature 


components are of the form Ryy:, Raa, Raa. 


The nonzero terms of the integrand are now classified into three groups depending on 


the number of pairs of type A occurring in Jy, J2, J3. 


(a) All J; are of the type A. Then, if we require a < @ in every pair (a, {), there are 
12 possibilities for I;, and once J; is chosen, 4 possibilities for Jz. This gives 48 possible 
choices for I; J2I3. For each choice of J, [213 we may choose J;J2J3 in only 2 ways, equal 
to I1IoI3 of [717 IZ. The resulting product of curvature components is the same in either 
case, namely, K;,K;,K;,. Due to Lemma G.4.2, there are only 4 essentially different 
terms, Ky2Ki¢K23, Ky2K13K 26, K13K15K3 and K,s3K,gKe6. Thus each will occur in the 
integrand with the factor 24-28. (The 2° accounts for the transpositions of each of the 6 
pairs.) 

(b) One J; is of type H, twoof type A. Hence, if I; = H,J; = H also, so for each choice 
of I, J2I3 there are again only two choices for J; J2J3, each leading to a term Ky Kaka. 
The J; which is of the type H may be chosen in any of the 3 positions and there are 3 type 1 
pairs. Once it is chosen there are 4 possibilities for the other I’s. This gives 72 terms divided 


among the 6 distinct possibilities Ki4K},,Ky,.K 45, Kos K},, KosK}6, Kas Ky, Kae K}s, so 
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the sum of these is multiplied by 12 - 2°. 

(c) All J; are of type H. Then, the J’s may be any permutation of the J’s, and the 3 
distinct H’s may be distributed among the I’s arbitrarily, giving 6 terms for each permu- 
tation of the J’s. The identity permutation gives the term Ki4K25K36. The other even 
permutations give the term (K12 + Kis)(Ki3 + Kis)(Ko3 + Kae). The 3 odd permutations 
give the 3 distinct terms Ky4(K23 + K2s)*, Kos(Ki3 + Kie)?, Kae(Ki2 + Kis)’. 


Finally, from the above classification, we see that G may be expressed in the form 


G 4(Ay2Ky6Ko3 + Ki2Ki3K26 + Ki3KisKo3 + KisKieK26) 


3s 
83 
+ Ky4(3K3, + 2K23Kog + 3K35) + Kos(8K2, + 2KisKig + 3K i) 
+ K36(3K}, + 2Ki2Kis + 3K%,) + Kis Kos K36 
+ 2(Ki2 + Kis)(Kis + Kig)(Ko3a + K26)). 
The first and last terms in this expression do not involve holomorphic curvatures, only 
anti-holomorphic ones, and these may be rewritten as 
(2Ki2 + yKis)(2Ki3 + yKig)(tK26 + yKo3) 
+22 + yK1s)(2Kig + yKis)(2K23 + yK26) 
+(2A 15 + yAy2)(2Ki3 + yKis)(2Ko3 + yK28) 
+(2Kis + yKi2)(tKig + yKis)(2Ko6 + yKo3). 
Expanding, one finds that equality requires (x + y)* = 8 and (x — y)® = 4, so that 
z=142713, y=1-—2~1/3, The terms in question are products of the type zK(X,¥)+ 
yK(X, JY). Expressing the latter in terms of holomorphic curvatures, we obtain, by virtue 


of (G.4.2), 


2K(X,Y) +yK(X,JY) = 2 ((3e ~ y)(H(X + JY) + H(X —JY)) 
— (x — By)(H(X +Y) + H(X —Y)) ~2H(X) —2H(Y)]. 


Thus, if 4 > 2 — 27/3 = 2y, 


tK(X,¥)+yK(X, JY) > -2'y, 
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and so 


8m°G > 4(—2'/3y)3 + Kig Kos Kae > 0. 
This proves 


Theorem G.10.1. A A-holomorphically pinched 6-dimensional complete Kaehler mant- 
fold, \ > 2—27/3(~ 0.42), having the property (P), has positive Euler-Poincaré character- 
istic. 

Note that the Ricci curvature is positive definite for this value of A (cf. Theorem G.6.1). 

An obvious modification gives negative characteristic when holomorphic curvatures lie 
between —1 and —2 + 27/8, 

If besides property (P), Kig = Kos = K3g = 0, Kio = Kop = Kiz = -1, Kis = 
Ko3 = Ki6 = 3, then a computation shows that holomorphic curvature is non-negative 
and G = —12/n*. Thus: 

If M is a compact Kaehler manifold of dimension > 6, it is not possible to prove by 
using only the algebra of the curvature tensor at a point that non-negative holomorphic 
curvature yields a non-negative Gauss-Bonnet integrand. 

In fact, we are of the opinion that the Question cannot be resolved in this manner. 

Remarks. (a) Conditions (P) and (Q) are preserved under Kaehlerian products. In 
particular, products of complex projective spaces satisfy these conditions. 

(b) The technique employed in § G.8 for estimating volume may be applied to the 
Riemannian case thereby generalizing a result of Berger {a]. The improvement comes from 
generalizing Rauch’s theorem so as to estimate directly lengths of Grassman (n— 1)-vectors 
mapped by ezp rather than from using Rauch’s estimate of lengths of vectors to estimate 


lengths of (n — 1)-vectors as Berger does. 
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APPENDIX H 


AN APPLICATION OF BOCHNER’S LEMMA 


The notion of a pure F-structure generalizes that of torus action. The main result 
asserts that a compact manifold of negative Ricci curvature does not admit any nontrivial 
invariant pure F-structure. This can be viewed as an extension of a theorem of Bochner. 
Among other applications, if a compact n-manifold of sectional curvature |K| < 1 has 
Ricci curvature Ric < —\ < 0, then the injectivity radius has a lower bound depending on 


n, and the diameter. The main result of this Appendix is due to X. Rong [z!: 


H.1. A pure F-structure 

A pure F-structure F is a flat torus bundle over a manifold M with holonomy in SL(s, Z) 
and its local action on M. The action is a homomorphism from the associated bundle of Lie 
algebras to the sheaf of local smooth vector fields over M. A subset of M is called invariant 
if it is preserved by the infinitesimals of the local fields which are the homomorphic images 
of the associated bundle of Lie algebras. An orbit is a smallest invariant subset. The rank 
of F is the dimension of an orbit of smallest dimension. A metric is called invarzant if the 
homomorphic images are local Killing fields. A pure F-structure always has an invariant 
metric. 

A global torus action defines a pure F-structure. However, a pure F-structure with a 
nontrivial holonomy group is not defined by a global torus action. Moreover, manifolds 
which admit only the trivial torus action may admit nontrivial pure F-structures (e.g. 


3-dimensional solvable manifolds which do not admit a circle action), 


Theorem H.1.1. A compact manifold of negative Ricci curvature does not admit a non- 


trivial invariant pure F-structure. 


Since a nontrivial Killing field (on a compact manifold) implies a nontrivial invariant 
torus action (i.e. the closure of the one-parameter subgroup of the Killing field), Theorem 


H.1.1 implies the following classical Bochner theorem (see § 3.8). 
361 
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Corollary. A compact manifold of negative Ricci curvature does not admit a nontrivial 


Killing field. 


It turns out that Theorem H.1.1 provides local geometric information of negative Ricci 
curvature since a nontrivial invariant pure F-structure is a kind of local symmetric struc- 
ture of the metric. The local information will be made precise through its interesting 
applications. 

The parameterized and equivalent fibration theorem in [c] asserts that a sufficiently 
collapsed manifold with bounded curvature and diameter admits a positive rank pure F- 
structure which is compatible with some nearby metric. Using the technique of smoothing 
metrics by the Ricci flow (see [a], [b], [i], (r]), the invariant metric in the fibration theorem 
can be chosen so that max Ric and min Ric are close to that of the original metric (see 


ly]). 


In view of the above, Theorem H.1.1 has the following consequence. 


Theorem H.1.2. There exists a constant, i(n,d,\) > 0 depending on n, d and \ such 


that a closed n-mantfold M satisfying 


|K| <1, Ric<-A <0, diam <d, 


has injectivity radius > i(n,d, A). 


Note that using a result in [i] (also [w]), Theorem H.1.2 (also Theorems H.1.3-H.1.6 
below) holds with a weaker condition; see Remark 4. 

Theorem H.1.2 has a few interesting consequences. 

Gromov’s diameter-volume isoperimetric inequality asserts that a compact n-manifold 
with -1 < K <Oandn > 4 satisfies vol(M) > an(1+ diam(M))°"), where a, and by are 
constants depending on n [p]. This implies that for all v > 0, there are only finitely many 
diffeomorphism types for n-manifolds with -1 < K <0 and val < v. 


Theorem H.1.2 is equivalent to the following theorem. 
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Theorem H.1.3. Let M be a compact n-manifold with |K| <1 and Ric<— <0. Then, 


vol(M) > c(n,diam(M), A), where c ts a constant depending on n, diam(M) and X. 


This result can be treated as an analogue of Gromov’s diameter-volume isoperimetric 
inequality for manifolds of negative Ricci curvature. 


By Cheeger’s finiteness theorem, Theorem H.1.2 implies 


Theorem H.1.4. There are only finitely many diffeomorphism types depending on n, 


and d for the class of compact n-manifolds satisfying 
|IK| <1, Rie<-A\ <0, diam<d. 


The classical Bochner theorem implies that a compact manifold of negative Ricci cur- 
vature has a finite isometry group. By a quantitative version of Bochner’s theorem in (hj, 


Theorem H.1.2 implies 


Theorem H.1.5. There ezists a constant, N(n,,d), depending onn, » and d such that 


the order of the tsometry group of an n-manifold satisfying 
|K| <1, Rie<-rA<0, diam<d, 


ts less than N(n, 4,4). 


Remark 1. Note that Gromov’s diameter-volume isoperimetric inequality also implies 
that a compact n-manifold with -1 < K < 0 has volume greater than a constant depending 
only on n. Thus, it seems natural to ask if the same is true under a weaker condition, 
~1< Ric < 0 (cf. Remark 4). This problem is of special interest for the class of Einstein 
manifolds of negative Ricci curvature [ul], [v]. 

Remark 2. Theorem H.1.2 is false if one removes either of the bounds on the diameter 
and on the sectional curvature without adding other restrictions (counterexamples can be 
easily constructed). However, it seems possible that Theorem H.1.2 could be valid if the 


condition Ric < —\ <0 is replaced by Ric < 0. 
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Remark §. According to {t}, any compact manifold carries a metric of negative Ricci 
curvature (the case n = 3 is due to [n]). Thus, negative Ricci curvature puts no constraint 
on the topology of a manifold. On the other hand, for all n > 3 and d > 0, there are 
infinitely many topologically distinct n-manifolds with |K| < 1 and diam < d (e.g. the 
infra-nilmanifolds, see [o]). In view of this, Theorem H.1.4 reveals, by means of controlled 
topology by geometry (cf. [q]), a topological constraint of the negative Ricci curvature. 

Remark 4. According to [i], [w] a metric satisfying |Ric| < 1, diam < d, and a lower 
bound on the conjugate radius can be approximated by a metric with bounded sectional 
curvature and max Ric, min Ric close to that of the original metric. The bounds on 
sectional curvature depend on the previous bounds. This result implies that Theorem 
H.1.2 (also Theorems H.1.3-H.1.4) is valid under weaker conditions, ~1 < Rie < -—\ < 
0, conj > c and diam < d. (Of course, the lower bound on the injectivity radius will 


depend on n, A, ¢ and d.) 


Remark 5. The sufficiently collapsed manifolds with bounded curvature and diameter 
have been intensively studied during the past decade (see [c], (d], [el, [f], {g], [i], (k], [1], [ml], 
[o], [x]). A fundamental problem in this study is to find obstructions for such a collapsed 
metric. So far, the only general topological obstruction known has been the vanishing 
of the minimal volume [g]. Theorem H.1.3 provides a general geometric obstruction for a 
manifold to collapse, namely., negative Ricci curvature for a metric with bounded sectional 


curvature and diameter. 


H.2. Proof of the main result 


We argue by contradiction. In‘spirit, the proof is closely related to the proof of the 
classical Bochner theorem (see [s]). Recall that in the classical case the main fact is that if 
X is a Killing field, then the norm function, f = 1/2g(X,X), has nonnegative Laplacian 
Af > 0, provided the Ricci curvature is negative. Thus, one gets a contradiction at a 


point where f reaches its maximum, 
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The idea of the proof is to seek a function on M which will play a similar role as the 
norm function of the Killing field in the classical case. Instead of a global Killing field, the 
construction of the function will make use of the existence of an invariant pure F-structure 
F. 

Fix zo € M and any s-tuple, (X9,...,X°), where each X? is an invariant vector in 
the fiber over zo of the associated bundle of Lie algebras E-. For any x € M and any 
path 7 in M from zo to z, the parallel transport of (X9,...,X°) along ¥ gives rise to an 
s-tuple, (X;,...,X,)y over z. Let [X2,...,X°],_ denote the collection of (X1,...,X.5)4 for 
all possible y. Let p: Ex — € denote the homomorphism which defines a local action of 
the pure F-structure on M, where € is the sheaf of local vector fields on M. 

We now define a function, f : M — Rt, as follows. For z € M, take any (Xj,... Xs)y € 


[X?,...,X2]z and define 


Jir 912 ++ Qs 
l 921 922 +++ G2s 
(H.2.1) f(x) = det ae > 915 = 9( (Xi), A(X;))z- 
Gui Gt8 Ois 
Note that f(z) is well-defined (i.e., independent of y) since the holonomy group is in 
SL(s,Z). Moreover, since each point z has a neighborhood U on which the flat torus 
bundle has no holonomy we can think of (H.2.1) as a local expression for f (i.e., parallel 
extend Xj to a (unique) section over U). In particular, f is a smooth function. Note that 
in the case when an invariant pure F-structure is defined by a global Killing field X, our 
function coincides with the normal function. Moreover, if X?,...,° is a basis for the 
torus fiber over zo, then f(z) can be viewed as the volume density function of orbits (with 
an orbit of dimension < s having zero volume density). 
It turns out that f has the desired property namely, Af > 0 on M, provided the Ricci 


curvature is negative. Moreover, Af(x) > 0 if z is not a common zero of (X1,...,Xs)4 € 


[X$,...,X9].. Since Af(y) < 0 at a maximal point y at which necessarily f(y) > 0 we 
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then get a contradiction. The proof that Af > 0 is by computation. Unlike the classical 
case, a formula for Af with an arbitrary local expression could be so messy that one is 
not able to see the desired property. 

Roughly, we overcome the above difficulty by finding a good local expression for f 
and by choosing a suitable system of coordinates. We first observe that f(x) is a zero 
function if and only if X?,...,X° are linearly dependent. Thus, we can assume that 
X?,...,X® are linearly independent. Then, by definition f(z) > 0 if and only if the orbit 


at x has dimension s. Observe that if h(z) is the function associated to another (linearly 


independent) s-tuple, (Y?,...,¥2), then 


f(z) = (detA)*h(z), 2 EM, 


where A is the transition coefficient matrix from (X?,...,.X°) to (Y?,..., V2). Thus, 
Af > 0 if and only if Ah > 0. A good local expression for f at x is one for which h 
satisfies gi;(2) = 9(p(Yi), e(Y;))2 = 5i; for some (Yi,...,Y,) € [YP,..., ¥2]z. This need 
not hold at other points. It turns out that if f(z) > 0, then f will have a good local 
expression at 2. Using a good local expression and a local coordinate system, we are able 
to show that Ah(zr) > 0. Since points at which f(x) > 0 are dense in M we conclude that 
Af>OonM. 

We now prove Theorem H.1.1 modulo a technical result namely, Proposition H.2.1. 

Let M be a compact Riemannian manifold. Assume that M admits an invariant pure 
F-structure, F, defined by a flat T*-bundle over M with holonomy in SL(s,Z) and its 
local action on M. Let E¢ denote the associated bundle of Lie algebras, let p : Ex > E 
denote the homomorphism, where € is the sheaf of local smooth fields on M. 

Recall that a fixed point zo € M and an s-tuple (X?,...,X°) determine a smooth 
function on M with a local expression as in (H.2.1). We shall call f a function associated 
to (X?,...,X°). Since holonomy transport preserves linear relations, f is identically zero 


if and only if X?,...,X° are linearly dependent. 
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From now on we only consider a function associated to a linearly independent s-tuple, 
(XP,...,X2). For any z € M, since p(X),..., (Xs) forms a set of generators for the 
subspace tangent to the orbit at x, (X1,...,Xs)y © [X?,...,X9}., we see that f(x) > 0 
if and only if the orbit at 2 has dimension s. Recall that points at which the orbits have 


dimension s are dense in M. 


For convenience, we shall henceforth identify X, with p(X;). 


Proposition H.2.1. Let f be the function associated to an s-tuple (X},...,X°). Suppose 
(X1,-..,Xs)y € [X0,..., X20], such that g(Xi,Xj)e = 64). Let X1,...,X5,Vi,..., Vas be 


an orthonormal basis for T,M. Then, 


& ee 
= =k Lee Wun Xie] + S2 PV xX, X, et 


t=1 hg kel 


el. (Vv,X1, Vz Yo Riel Je, 
tk=1 


i=1 
where Af(z) = 33, Xi( Xf (2) + HEY VWS(2). 
It is easy to check that Proposition H.2.1 coincides with the classical formula when f is 


the normal function of a global Killing field: 


Proposition H.2.2. Let X be a Killing field on M, let f(r) = hg(X,X). Let V\,...,Vn 


denote an orthonormal basis in T,M. Then, 


Af(2) = D0 VviX ||? —Rie(X, X). 


i=l 
The following lemma implies that at any point where f(x) > 0, one can assume that f 


satisfies the assumptions of Proposition H.2.1. 


Lemma H.2.1. Let f be the function associated to a linearly independent s-tuple, (X?,...,X?). 
Let x € M such that f(x) > 0. Then, there is a function h associated to some s-tuple such 


that f = const-h on M and h satisfies the assumptions of Proposition H.2.1 at x. 


Proof. Note that the orbit at x has dimension s since f(x) > 0. Thus, we can choose an 


s-tuple, (¥1,...,¥,), such that 9(¥i,Yj)z = 6:43, where Y; is an invariant vector field in 
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the fiber over z of the associated bundle of the Lie algebra. Take any (Xj,...,X.s)y € 
[X9,...,X]- and put (Xi,...,Xs)y = (¥%1,-..,¥,)A, where A is the coefficient ma- 
trix. Let Y,...,¥2 denote the parallel transports of Yi,...,¥, along the inverse of +. 
Clearly, (X?,...,X°) = (¥f,...,¥2)A. Let h denote the function associated to the s- 
tuple (¥°,...,¥2). From the construction for h we see that f = (detA)?A and h has the 


desired property. 


Proof of Theorem H.1.1. We argue by contradiction. Assume that M admits a nontrivial 
invariant pure F-structure F. Choose a function f associated to an s-tuple (X9,...,X°), 
where X?,...,X° are linearly independent. Let y € M be a maximal point for f, Then, 
Af(y) < 0. On the other hand, since f(y) > 0 by Lemma H.2.1, Proposition H.2.1 and 


the assumption that Ric < 0 we conclude that Af(y) > 0-a contradiction. 
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APPENDIX I 


THE KODAIRA VANISHING THEOREMS 


A complex line bundle B over a Kaehler manifold M is an analytic fibre bundle over 
M with fibre C and structural group the multiplicative group C* of C. Denote by 
H?(M,A%(B)) the p** cohomology group of M with coefficients in A7(B)-the sheaf over M 
of germs of holomorphic g-forms with coefficients in B. These groups are finite dimensional 
when M is compact. It is important in the applications of sheaf theory to complex mani- 
folds to determine when the cohomology groups vanish. By employing the methods of §3.2, 
Kodaira [47] obtained sufficient conditions for the vanishing of the groups H?(M, A%(B)). 
In this Appendix the details omitted in §6.14 are provided. The reader is referred to the 


book of Morrow and Kodaira [97] for additional information. 
I.1. Complex line bundles 


Let B be a complex line bundle over a Kaehler manifold M of complex dimension n. 
In terms of a sufficiently fine locally finite covering U = {U,} of M, the bundle B is 
determined by a system {fag} of holomorphic functions (the transition functions) defined 
in Ua Ug for each a, 8. In UaNUgNU,, they satisfy fos feyfra = 1. Setting aag = |faal’, 
it is seen that the functions {aqg} define a principal fibre bundle over M with structural 
group the multiplicative group of positive rea] numbers (cf. Chapter I, § J). 

Let A?"(B) be the sheaf over M of germs of differential forms of bidegree (p,q) with 
coefficients in B. A form ¢ € A?'?(B) is given locally by a family of forms {¢a} of bidegree 
(p,q) on {Ua}, where {U,} is a covering of M with coordinate neighborhoods over which 


B is trivial and 


(1.1.1) ba = fasds on Un Ug. 


Let 2 = W—Igjj;-dz' A dz) be the fundamental form of M and let a be an hermitian 
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form on the fibres defined by 
al, 0) = GelCal = aaa Goce 


where (Cq is a fibre coordinate of ¢ and aq(z) is a real positive function of class co on Uy. 


Then, ag|Cal* = ag|¢s|* implies 

2 9 
(1.1.2) foal’ = 5 
If M is compact, the global scalar product (¢, 7) of the forms ¢, y € A?:?(B) is defined by 
(1.1.3) (¢,%) = i dada A *b,. 

M 
For, by (1.1.1) and (1.1.2) 

Gaba A Do = aghs A ¥Dg on Ua q Us. 


In the sequel, we assume that M is a compact Kaehler manifold unless stated otherwise. 


We define the adjoint 6/’ of d” with respect to the metric a by 


(1.1.4) (db, ) = (¢, 578). 


Let ¢ € APB), € AP It!(B). Then, 
T = Gada N Do 


is a differential form of bidegree (n,n — 1), so dr is a 2n-form. It follows that 
on | are [are | aod" ba hq 
M M M 
+ (1 | ban dla * Va). 
M 
But, 
I Pada A +0 a ~ | aad” ba A Dy. 
M M 

Therefore, 


Gq * Ong = ~(-1)?*4d"(aq * Wa). 
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Proposition I.1.1. 
(1.1.5) Ole = — *a5'd'(ae * ta). 


Set 


O = ds" + §"d" _ x4 


and 
O. = dg" + bal. 
Then, 
O, =O + termsoforder <1. 
Consequently, 


Theorem I.1.1. O12 is a strongly elliptic second order operator. 


Proposition 1.1.2. O, ts self-dual, that is, 


(Oa¢, ¥) = (¢, Oa). 


For, by (1.1.4) 
(Cad, ») = ((a"5, + 57d")4, ¥) 


= (6b, 8) + (d"b, a") 
= (4, (2"5y + gd") 


= (¢, Oey). 
Proposition 1.1.3. Oa¢é = 0, if and only if, d’¢ = 0 and 6%¢ = 0. 


Let 


Nu (B) = {¢ € AP "(B)|Oag = 0}. 


Proposition I.1.4. 


AP4(B) = Ny"(B) @ d" API (B) @ 6g APT (B), 
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where @ denotes the orthogonal direct sum. 


Proof. Let n € Ab;"(B),d"¢ € d” AP 9) (B) and 5!p € 4” AP4t1 (B), Then, 
(n, a4) = (57, 6) = 0, 


(7,60) = (dn, v) =0 and 


(a"$, dap) = (a"a"b, p) = 0. 


Therefore, A3}",d"A?t—! and d/A?:%*1 are mutually orthogonal and 
AP(B) = NYf(B) @ a" AP (B) @4L NPA (B) 
(see § 2.10). 


Theorem I.1.2. dim A¥j1(B) < 00. (cf. Appendix C). 


1.2. The spaces A};"(B) 
Theorem I.2.1. Let B be a complez line bundle on a compact Kaehler manifold M and 
A?(B) the sheaf of germs of holomorphic p-forms with coefficients in B. Then 


H4(M, A?(B)) = AGi"(B) 


(cf. [97, p. 81]). 


Proof. 


{¢ € A?7(B)|d"d = 0} 


H4(M,A?(B)) = d” AP.9-1 (B) 


Let LY = AP1(B) and Zar (L4) = {¢ € L4\d"¢ = O}. Then, 


H1(M, A?(B)) © Zane), 
We show 
(1.2.1) Zan{L!) = ABB) @d"L” 
Clearly, 


AE (B) @ d" £97! © Zan(L?). 


374 APPENDIX I. KODAIRA VANISHING THEOREMS 
Let @ € Zan (L%), Then, d’¢ = 0, so since dé = 7 + dy + Sic, where 7 € AF;"(B), dy € 
d"£9-! and d!a € 5/L9*! by Hodge decomposition, d”5’a = 0. Thus, (d’5/o,c0) = 0 


from which (6/0, 5/0) = 0, that is d/o = 0 and ¢ € Ahj"(B) @d"LI!. 
Corollary. dim H%(M,A?(B)) < oo. 
This is an immediate consequence of Theorem I.1.2. 


Theorem I.2.2. On a compact Kaehler manifold M 


(1.2.2) H°(M,A?(B)) = H?(M,A%(B)), 


(1.2.3) H’(M,C) = @p4qarH?(M,A%(B)). 
Proof. If $ is harmonic, so is ¢ since O, = Oy. Therefore, A¥j7(B) = A%;?(B), so by 
Theorem I.2.1, we obtain (1.2.2). 
(1.2.3) is a consequence of Proposition I.1.4. For, by de Rham’s theorem, 
H(M,C) = AL/AE 
(see p. 15). But 
H"(M,C) © Ay (B) = {6 € A"(B)|D.¢ = 0}. 


This is Hodge’s theorem. Its proof is similar to that of Theorem 1.2.1 using de Rham’s 
theorem and the decomposition theorem, viz., Proposition I.1.4. As in Lemma 5.6.6 we 


have the following decomposition 
An(B) = Bptg=r An (B). 
1.3. Explicit expression for O, 


We derive a formula for O, acting on A?7(B) where B is a complex line bundle over 


a Kaehler manifold similar to the expression for A acting on A?(M) in §2.12. A form 
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@ € AP4(B) is given locally by a family of forms {a} of bidegree (p,q) on {Ua}, where 
{Uq} is a covering of M with coordinate neighborhoods over which B is trivial. 
Expanding formula (1.1.5), we obtain 
(506) = 6"bp — *(ag'd’ag A xb) 


= 5"be - +a | O;agdz2? A pg. 


Since 
5"bg = ~*d' xbg = —* Didz' A xh 
and 
(5° Pp )invipit ity = — 9"? Didpjis cigs ot y> 
we have 


Proposition I.3.1. 
(82 @)is ipat ity r —(—1)?9" (Di + Glog Ge) Dany .ip i Ff S24" 
Proof. We need only show that 


=1 4 genat 
*(ag Ojapdz’ A *O8)i, api it_y = — 9" Ag Gidadajra igh itr: 


. 
q-1 


The details are left to the reader (see also [97]). 
We define the covariant derivative D,@ of a form ¢ = {¢a} € A?-4(B) by Did = {Dida}. 
For a function f of class oo 
Di( fo) = (Gi f)d + fDid. 
Let Ap =1)...ip and By = jj... jj. Then, since 
DaApBy = fas PBayBs: 
Dibaa,Bs = fapDibaa,Bs, 


for, d" fag = 0. We define the covariant derivative D;¢ by 


Did == {Dida}. 
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Since 
a : 
= = |foal” = fas fas, 
aa 
1 
GavaA, Bs = Fog Or Pb Aes 
a 
80 
A 
Di(aa¢aa,B3) = Fag Dilaataase;)- 
fod 
Therefore, 
1 1 
—D;(@a¢aa,B:) = fap(—Di(asdpa, a; ))- 
Ga ag 
We define 


a 1 
Die = {—Di(aaba)} 
= {(D; + Glog ae)ba}- 
Theorem I.3.1. 
Oo¢ea,Bs =— oF D\Dj¢0a,B; 
q 
+ Dx + RR ba Apgit df isqa if 
p=1 
— SO 9 9 Rigee mis bers ipnatipgs dpi 5S ay OS gy d9? 
Pp o°@ 
where xt = —Dje* and €*" = gi’ A, log aa. 
Proof. By Proposition 1.3.1 


(60>) ApBs_, = (8"¢)a,Bs_, — (~1)P6" ba,j+Bs_,- 


Set 
(E¢)apBs_, = (-1)P 1 b,j Bs. 
Then, 
(Cad)a,es = ((4"57 + 52d")d) a, Bs 
= (Od)a,as + ((4"E + Ed")b)a, Bs. 
Since 5 j 
(4"(Ed))a,Bg = (-1)? $9(-1)°'Dj, (60) Agat dt ita id 
p=1 
4 s 
= — S0(-1)° 1D (OA gat dt itgy a8) 
p=1 


= a D;, ( PAyit Dp id" Ing dg) 


p= 
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and 
q 
(€d"b)a,B; = -(€7 Dy, ~— $0 Dy, bag it nit ait ityy dt 
p=1 
(Oa¢)a,a: = (O¢)a,a; — & Djda,a: 
(1.3.1) 


q 
-5 dD: ¢ ogo hel vdeo i 
D;,§ P Agi St Pity dd 


p=1 
Observing that 
—g') D;D, — Dy = -g'* (D; + Glog aq)D; 
(1.3.2) 
= ~9'7 D\D,, 
then by (1.3.1) and (2.12.4) this completes the proof. 
The tensor field Xj;- = giz XE = —gize Djg**’ Oe log ag = —0;0; log ag is called the 


curvature of the metric a. 


1.4. The vanishing theorems 
We employ the differential-geometric method due to Bochner to obtain the so-called 
vanishing theorems of Kodaira [47]. We ask under suitable conditions on the curvature of 
a compact Kaehler manifold M when the cohomology groups H*(M,A?(B) vanish, where 
A?(B) is the sheaf over M of germs of holomorphic p-forms with coefficients in the complex 


line bundle B. 


Theorem I.4.1. If the hermitian matriz Xj;- + Rij+ ts posttive definite everywhere on 


the compact Kaehler mantfold M, then 
H4(M,A°(B) = {0}, gz=1,...,n, 


where A°(B) =O is the sheaf over M_of holomorphic functions. 


Proof. From Theorem 1.2.1 and the fact that A?*(B) = A4j?(B), H9(M, A°(B)) = A3}7(B) 


{¢@ € A°4(B)|Oa¢ = 0}. We show that any ¢ € A°9(B) satisfying Oa¢ = 0 vanishes. To 
this end, let 


= aaDjbansda" dz) 
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® is a form of bidegree (0,1), so by Stokes’ theorem 


o= | Soria fo segenia [ ral 
M M M 


since &’ is of type (—1,0). Therefore, 
Per = B 
= / g? D,(daDjban; ba") «1 
M 
Bert oo B: 
-| dag”? DD bass da° a] 
M 
yaaa B* 
+f Qag”? D j¢aB; Didba® * 1, 
M 
The last term is nonnegative, so the second integral is nonpositive. Applying Theorem 


1.3.1 to a form of bidegree (0,q), we get 


q 
Dadan: = -g” DD, bans + dx + Ri. )bast...5t_yk iby 0d” 


q 
p=l 
Therefore, since Og¢a = 0 


e 7 J Gad Ss wee + Res: ings oe Gigi Ce A «1. 
MooA 


q-1,Bg—1 O,7 


By hypothesis, Xr° + Res: is positive definite. Hence, ¢!3-"¢-1 = 0. This completes the 


proof. 


The theorem is vacuous for q = 0. 

We study the curvature Xj; of the metric a. For any germ of a holomorphic function 
f,exp 2n/—1f € O*, where O* is the sheaf over M of nonvanishing holomorphic functions. 
We have the exact sequence 


0-9 Z39 053 0* 50 


where Z is the sheaf of germs of locally constant integer-valued functions on M. This 


sequence induces the following sequence of cohomology groups 
.) > H1(M,O).9 H1(M, 0°) 5 H2(M,Z) 9+. 


Definition. c(B) = 6*(B) is the 1*' chern class of B. (Note that an equivalence class 
of bundles defines an element of H!(M,O*)). 
Since Z C C we map H?(M,Z) > H?(M,C) and send ¢(B) > ¢(B)c. The first half 


of Lemma 6.14.1 is given by 
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Theorem I.4.2. The de Rham cohomology class of c(B)c is represented by 
(J—1/2m)Xjj-dz' A dz), 


Proof. in terms of a sufficiently fine locally finite covering U = {U,} of M the bundle B is 
determined by a system {fag} of holomorphic functions defined in U. 1 Ug for each a, 6 
(see § 1.1). In Ua nUgNuy, they satisfy fog feyfya = 1. Therefore, c(B) = {(cagy)}, 
where 


log fag + log fay tlog fra = 2nV—leap+ 


is a constant in U,MUgNU,, and the system {cag7} defines a 2-cocycle on the nerve N(U) 
of the covering U (cf. Appendix A). The {cag+} C Z, therefore, determine a cohomology 


class cy € H?(N(U),Z). By taking the direct limit 
H?(M,Z)= lim H*(N(U), Z) 


we obtain the characteristic class c = c(B) € H?(M,Z) of the principal bundle (defined 


by the functions {jfag|?}) associated with B. 


We seek a closed 2-form -y representing c(B)c. To this end, we show that there are 


1-forms ¢a of class oo on Ug such that 


1 
ee ere log fag =0g- oq. 


Then, y = dog = dog. 


From § 1.1, |fag|* = ag/aa- Therefore, 
log fas +log fag = log ag ~ log aa, 


so since d = d’ +d", 


d log fag = d’log ag — d' log aa. 
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Then, 
7 = dog = rate log ag 
1 - : . 
= on Fei be agdz' A dz 
eg : 
=> sere wdzi Adz? 
(see § 1.3). 


The converse of Lemma 6.14.1 is given by 


Theorem I.4.3. If 7 1s a real closed form of bidegree (1,1) on M belonging to the char- 
acteristic class c(B), there exists a system of positive functions ag of class oo such that 
for each pair a, 3 


ag =|fapl’aa in UanUg 


and 


A va, log dgdz' A dz? 
(cf. VI.H.2). 


Proof. Choose any metric 4 = (4,) on B, that is Gq is of class 00 on Ug and Gal fas|? = ag. 


Let 
oR mek «dz' A dz), 
where 
Slog da 
Xj aay aay 
2 Oz'9z) 
that is 
pee hae log Ga. 


2n 
Then, as in Theorem 1.4.2, the cohomology class determined by X is given by c(B)c. 
Thus, X = 7 +d for some l-form ¢ such that d@ is of bidegree (1,1). By the Hodge 


decomposition theorem, 


dé=n+Op=n+= 3(d5 + Sav, 
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where 7 and y are forms of bidegree (1,1) and Ay = 0, the latter implying dj = 0 and 
én = 0. It follows that dédy = 0 from which 
(ddyp, ddy) = (db, dddy) = 0, 
and this implies that ddy = 0. Hence, 
1 
dg=nt+ 30, 


from which 
0 = (6n, d) 


= (n,d¢) 
= (n,n) + 5 (n,46¥) 
=(n,9)+ 5 (én, 50) 


= (7,7); 
so 7 = 0. Moreover, dy = 0 since 


0 = (ddy, b) = (dv, dy). 


Consequently, d’y) = 0 and dy = 0, so 
X—7= do 


1 
= 540 

= d’5"p ae 6" dp 

= dS" 

= J—id"(Ad'—d'A)p by (5.4.7) 
= —V-1d"d'Ay 

= Vo) vary 


2nr 
where the function f = 27Ay is positive. For, A is a real operator and y is a real form. 


Since 


382 APPENDIX I. KODAIRA VANISHING THEOREMS 


X — 7 is areal form. Finally, 


v-1 toe 
Tne gg Ce 


= ¥=1 sa" (log ay ~ f). 
Qn 


Set dag = Ga exp(—f). Then, 


y= vad" log aa 


and 
ag 2 
de = |fasl”. 
This completes the proof. 


A complex line bundle B over a complex manifold M is said to be positive if there is a 
real closed 2-form -y = (1/20/—1)Xi;+dz' A dz of bidegree (1,1) such that {y} = c(B)c 
and Xjj+ is positive definite everywhere on M. 

Note that if B is positive, then w = —LX;,;-dz' A dz? is a Kaehler form, that is, M is 
a Kaehler manifold with fundamental form w. 


We restate Theorem 6.14.1 as follows: 


Theorem I.4.4. If the complex line bundle B is ‘sufficiently’ positive, then 


H4(M,A?(B)) = {0}, g=1,...57. 


Proof. This is a consequence of Theorem I.2.1, namely, H4(M/, A?(B)) 


We 
aA 
= 
= 
B 
oa 
® 


expression for F?1(,v) on p. 234 (see also §3.2 and Theorem 1.3.1). 


Let —B denote the complex line bundle defined by the system ont Then, the map 
$ — @' defined by $4, = (1/aq) * ¢q maps Af;"(B) isomorphically onto Aj, ?'"~"(—B). 


Hence, by Theorem 1.2.1 
H4(M, A?(B)) = H"~9(M,A"™?(—B)). 


This gives rise to Corollaries 6.14.1 and 6.14.2. 


22. 


23. 
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Torsion tensor (of an affine connection) 
26, 

Torus, 89-90 

Totally geodesic hypersurface, 

Transition functions, [1, 


U 


Unit covering, 3 
Unitary frame (at a point), 


v 


Variety in E"*!, see Minimal hypersurface 
Vector of bidegree (or type) (1, 0), 
Vector of bidegree (or type) (0, 1), 
Vector fields, 

covariant derivative of, 24 

covariant differential of, 24 

induced by a l-parameter group, 

scalar product of, 30 
Vectorial 1-form, 42 
Vectors 

curl of, 

homogeneous of degree p, 

length of, 

parallel tangent, 

parallel tangent, along a curve, 


Ww 
Weyl conformal curvature tensor, 116 
Weyl projective curvature tensor, 122 
Zz 


Zero tensor, a 


